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Break out of the echo chamber 


It is crucial to fight discrimination in allits forms, but academia does itself a disservice by 
excluding conservatives from discourse on societal change. 


themselves on the liberal left of the political spectrum. So two 

items published in The New York Times in the past few weeks 
will have provoked both consternation and debate. Many of our read- 
ers, for example, must have shaken their heads in despair while reading 
the transcript of an interview with US president-elect Donald Trump 
last week. The other item, an opinion piece entitled “The end of iden- 
tity liberalism’ probably had many academics simply shaking. 

Thearticle by Mark Lilla, a researcher at Columbia University in New 
York City who specializes in the history of Western intellectual, politi- 
cal and religious thought, called for an end to what he described as an 
overemphasis by liberals on racial, gender and sexual identity politics. 
He believes that this focus distracts from core fundamental concepts 
of democracy and so weakens social cohesion and civic responsibility. 

In short, he asserted that many progressives live in bubbles; that 
they are educationally programmed to be attuned to diversity issues, 
yet have “shockingly little to say” about political and democratic 
fundamentals such as class, economics, war and policy issues affecting 
the common good. Of direct relevance to the US election, he argued 
that the excessive focus on identity politics by urban and academic 
elites has left many white, religious and rural groups feeling alienated, 
threatened and ignored in an unwelcoming environment where the 
issues that matter to them are given little or no attention. 

What is urgently needed, said Lilla, is for US liberalism to refocus 
on educating all citizens on broader issues that unite people, and on 
core values of democracy, governance and the major forces shaping 
international politics — and for the liberal press to educate itself about 
neglected parts of the country and what matters to people living there. 

Lilla argues, perhaps unconvincingly, that fixating on the concerns of 
particular groups has been divisive, and he calls instead for a focus on 
unifying issues that affect the majority of people in the United States, 
with highly charged narrower issues such as sexuality and race tackled 
with a more-measured sense of scale. But it need not be a trade-off. 

The article comes at a time when many in science and academia are 
rightly worried that Trump’s odious racist, sexist and anti-intellectual 
remarks during his campaign risk unacceptably broadening the limits 
of acceptable discourse — and freeing and normalizing people’s worst 
base instincts anda rhetoric of hate. Not surprisingly, the column has 
been controversial and has sparked vigorous debate. 

But the discussion echoes points made earlier this year by New York 
Times columnist Nicholas Kristof, directed at academics. Kristof, who 
has long championed diversity issues and so can hardly be accused of 
conservative bias, argued in a column entitled ‘A confession of liberal 
intolerance’ that academics are often selectively tolerant, but are intoler- 
ant when it comes to considering conservative or religious viewpoints. 

Nature has long championed the rights and representation of women 
and minority groups in science — and will continue to do so. We have 
also made efforts to reach out and offer a platform to researchers with 


A ccording to surveys and statistics, most Nature readers place 


diverse political views. We will continue to do that too. And we will 
engage with and report on efforts by social scientists and others to 
untangle and properly understand contemporary populist movements. 
There is already a considerable body of literature on these phenomena 
and social scientists must weigh in more heavily to inform public debate 

and vigorously challenge misconceptions — on all sides. 
Both articles, although perhaps overstating the case, offer food for 
thought. They highlight that confirmation 


“Conf irmation bias is rife in all walks of life, including the 
bias is rife in practice of research and the political view- 
all walks of points of academic liberals. No one should 
life, including kid themselves that they are immune. 

the practice of Kristof also argued that the low and 


plunging representation of conservatives 
and evangelicals on US faculties, and bias 
against these groups, is itself impoverishing intellectual diversity and 
discourse. He pointed to an effort to change this state of affairs: the 
Heterodox Academy, a website set up by centrist social psychologist 
Jonathan Haidt of New York University to advocate tangible remedies. 
His column did not go down well with liberals. “You don't diversify 
with idiots,’ stated one of the most highly recommended comments. 
Academics must be vigilant and resist normalization of Trump’ crude 
vision of society, but must also look in the mirror. A significant chunk 
of the US population voted for Trump. Are some bigots and racists? Yes; 
but most aren't, and progressive academic liberals can’t simply dismiss 
them as retrograde. More unites Americans than divides them, and 
building on that common ground is the best antidote to extremism. m 


research.” 


@ @ >) @ 
Critics’ choice 
Post-publication scrutiny of papers is essential 
for science — but it should be done politely. 


computer? That’s a question that psychologists have been 
wrestling with in recent months, as automated software has 
been checking their published findings on a huge scale. 

The automated review of basic features of scientific papers marks 
anew front in the battle for research reproducibility, and one that has 
split the community. The divide must be bridged before it becomes too 
wide, and that will require criticism to be both offered and received in 
the true spirit of academic enquiry. 

As we report in a Toolbox on page 151, psychologists discovered 
starting in August that someone — or something — was commenting 


r | Mo err is human. But to catch that error — does that take a 
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on the quality of thousands of their published papers. The comments 
were left on PubPeer — a website for post-publication review that 
often hosts anonymous allegations of image manipulation. These can 
lead to retractions and even, according to at least one lawsuit, to an 
exciting job offer being rescinded. 

In the case of the large-scale comments, the posts had been generated 
by an algorithm that pointed to potential errors in reported P values, 
measures of statistical significance that are too often used to decide 
whether results are worth publishing. The program, called statcheck, 
posted analyses of more than 50,000 papers. It sometimes erroneously 
tagged correct results as potential errors, and it identified many errors 
that were real but trivial. It also found instances in which P values that 
had been reported as reaching a threshold for statistical significance 
were actually just shy of it. Although a few authors have posted explana- 
tions and corrected results on PubPeer, none of the posts have to Nature’s 
knowledge resulted in any formal corrections or retractions. 

Some researchers were confused and upset by the mass fact-check; 
leaders in the psychological community warned that such projects 
unduly threaten the reputations of individual researchers and even 
the field. A former head of the Association for Psychological Science 
in Washington DC wrote a column decrying the use of “uncurated” 
social media for personal attacks and harassment. A controversial early 
draft accused research critics of “methodological terrorism’; it was later 
revised. Another group of researchers launched a petition that called for 
discussions to stay polite, but also argued that “the freedom to express 
legitimate criticism must take priority and be protected”. 

To be sure, the automated statcheck comments were lacking some 
useful context, and the algorithm is far from perfect. But much of the 
negative reaction has less to do with the ins and outs of a simple com- 
puter program than with the importance that people place on scientific 
papers. These are the currency of funding, tenure and prestige, so any 
challenges come across as threats to careers and reputation. 

The implicit assumption that academic papers must adhere to an 
impossible standard of perfection does science a horrible disservice. 


As Nature has pointed out before, the scientific paper is a marker 
on the way to scientific progress, not itself a destination. Scrutiny 
of papers is therefore to be welcomed, if only to check that the sign- 
posts are pointing in the correct direction. New knowledge arrives 
constantly to correct and displace the old. It is a messy process, full 
of acrimonious discussions and painful realizations, but necessary. 
Errors must be rooted out. 

The appropriate reaction depends on the nature of the error. Insight- 
ful reasoning can lead to incorrect conclusions that still advance 
science. A 1996 study of a meteorite that had landed in Allan Hills, 

Antarctica, argued that elongated nanometre- 


“Anyone who scale blobs in the rock were the fossils of alien 
finds flaws bacteria. Subsequent abiotic explanations 
should seek felled each argument in turn. But the study 
corrections with _ breathed life into the field of astrobiology. 

diplomacy and Carelessness and avoidable errors will 


not have such positive effects. Revelations 
of typos and biased reasoning should make 
authors uncomfortable. Before submitting their work, they should take 
on the responsibility of reexamining manuscripts for simple details 
and limits to their conclusions, and should invite colleagues to do the 
same. (Peer review improves the scientific literature both by giving 
papers more credibility and by forcing authors to do just this.) 

Even so, errors will make their way into the literature. Anyone who 
finds flaws should seek corrections with diplomacy and humility. A 
gloating sense of ‘gotcha’ does not help to provide constructive criti- 
cism; some ill-considered phrases have caused lasting damage. But 
many scientists use their blogs for credible, restrained, nuanced criti- 
cism, often engaging the authors whose works are criticized. 

Sharing and discussion of scientific work has changed drastically 
in a world of blogs, online repositories and Twitter. The fact remains, 
however, that self-correction is at the heart of science. Critics — 
curated or not — should be courteous, but criticism itself must be 
embraced. m= 


humility.” 


Serving suggestion 


Reducing food waste requires a change in 
cultural and social factors to shift behaviour. 


the World Health Organization are meeting this week to 

discuss the UN Decade of Action on Nutrition. In this issue, 
we publish two Comment articles that look at some of the problems. 
On page 30, a group of researchers stresses the importance of nourish- 
ing people, not just feeding them. And a piece on page 33 calls for a 
better approach to quantifying and analysing different aspects of the 
food-production system. 

Between one-fifth and one-third of all food produced goes into the 
bin. Attention has increased on these post-harvest losses in recent years, 
and this week the European Commission held what it billed as the first 
European Union Platform on Food Losses and Food Waste. Launch- 
ing the event with a speech that will be recognized by any parent who 
has sat with a child who wont clear their plate, commissioner Vytenis 
Andriukaitis said: “It is shameful to throw away food in the world where 
more than eight hundred million people go to bed hungry.” 

To help promote responsible development and production of food, 
the UN global Sustainable Development Goals call for a number of 
related measures, one of which is to halve waste in the commercial and 
retail sectors by 2030. It is partly a consumer challenge, because a size- 
able chunk of this thrown-away food has been bought and paid for, 
sometimes at great expense. To many US readers, it will be second nature 


Te: United Nations Food and Agriculture Organization and 
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to take restaurant leftovers home. That helps to reduce waste, even if 
some of the contents of the doggy bag end up in, well, the dog. 

In countries such as France it’s a different story. The government 
there has been trying to change that, with a new initiative this year that 
requires restaurants to supply a ‘gourmet bag’ to diners if they ask for 
one. Not everyone is happy about the idea, and new research offers 
some pointers why. The results demonstrate, again, the importance of 
cultural and social factors in shifting behaviour — even in a direction 
that benefits all concerned. 

Writing in the Journal of Retailing and Consumer Services, 
researchers describe interviews with French diners about their atti- 
tudes to food waste and taking it home with them (L. Sirieix et al. 
J. Retail. Consum. Serv. 34, 153-158; 2017). They found the now- 
standard gap between attitudes and behaviour on environmental 
issues: although three-quarters of respondents thought that doggy 
bags were a great idea, just one in ten had ever asked for one. 

The excuses were many. “It comes from history and French 
customs,” one said. Another argued that leaving expensive food on 
the plate showed social status: “Someone who will take home the meal 
is someone who has less money.’ And it was a sign of a downmarket 
joint: “Tt will not be well accepted in a fine dining restaurant.” 

Diners went further. Asking for leftovers would bring shame. “It’s 
not rude but culturally it’s not normal.” And French dishes are just not 
designed to be eaten that way, they said. It’s “too good to be packed” 
and only acceptable in “a pizzeria”. 

One solution, the researchers suggest, is to make the doggy bag 
desirable: a valuable gift that appeals on more levels than just sus- 
tainability. Some high-end restaurants in the United States, they note, 
package leftovers in a foil swan. That's one possible solution. Another, 
of course, is simply to serve smaller portions. m 
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Silicon added to 
life’s toolbox 


Molecules containing both 
carbon and silicon have 
become a standard part of 
synthetic chemistry, but life 
uses silicon only in inorganic 
compounds such as the shells 
of diatoms. 

Now, Frances Arnold 
and her collaborators at 
the California Institute of 
Technology in Pasadena have 
engineered bacteria to produce 
carbon-silicon bonds. The 
team inserted a gene encoding 
an enzyme from the bacterium 
Rhodothermus marinus, which 
lives in Iceland’s underwater 
hot springs, into Escherichia 
coli. The resulting bacterium 
catalysed carbon-silicon 
bonding in a variety of artificial 
precursors by inserting carbon 
into silicon—hydrogen bonds. 

The researchers improved 
the efficiency of their 
biocatalyst by directed 
evolution — sequentially 
inducing mutations in the 
enzyme’ active site and 
screening for improved activity 
— and say it could lead to new 
classes of pharmaceuticals 
and industrial catalysts using 
organosilicon molecules. 
Science 354, 1048-1051 (2016) 
See go.nature.com/2fgot89 for a 
longer version of this article. 


‘Jet lag’ increases 
mouse cancer risk 


Mice with simulated jet lag 
have an increased risk of 
developing liver cancer. 
Sleeping out of step with 
the day-night cycle has been 
linked to various health 
disorders in humans. David 
Moore, Loning Fu and their 
colleagues at Baylor College of 
Medicine in Houston, Texas, 
subjected mice to disrupted 


Selections from the 
scientific literature 


Macaque social status alters immunity 


Changing the social status of macaques also 
changes their immune systems. 

Low social status has been linked to multiple 
health problems in humans and other primates, 
some of which may not be linked to the 
accessibility of food and other resources. 

Jenny Tung of Duke University in Durham, 
North Carolina; Luis Barreiro of the University 
of Montreal, Canada; and their colleagues 
analysed the immune cells and gene expression 
of female macaques before and after they 


artificially altered the relative social status of the 
animals by creating new social groups. 

Low status was linked to inflammation, 
including alterations in the make-up of 
immune cells in the animals’ blood and changes 
in gene expression that could promote an 
inflammatory response. This link between 
social subordination and altered immune 
response was present despite no variation in 
access to food or health care among the animals. 
Science 354, 1041-1045 (2016) 


day-night cycles using 
artificial lights to simulate 
chronic jet lag. Compared with 
mice under steady 24-hour 
light-dark cycles, jet-lagged 
animals had impaired liver 
metabolism and were more 
prone to developing fatty liver 
disease and liver cancer. 

Much of the disrupted 
metabolism was linked to 
excessive accumulation of bile 
acid in the liver and altered 
activities of the nuclear 
receptors FXR and CAR, 
which might be targets for 
preventing liver cancer in 
future. 

Cancer Cell http://doi.org/btr7 
(2016) 
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Gravity changes 
before quake hits 


Researchers have for the first 
time detected temporary 
changes in Earth’s gravitational 
field just before an earthquake. 
Jean-Paul Montagner at 
the CNRS Institute of Earth 
Physics in Paris and his team 
analysed gravimetric and 
seismic data recorded during 
the massive 2011 Tohoku 
earthquake in Japan. They 
detected a signal that exceeded 
the background seismic noise 
and whose amplitude was 
consistent with that predicted 


by theoretical models. The 
signal occurred several seconds 
before seismic waves arrived. 
Developing sensors to detect 
such transient gravity signals 
could lead to new early- 
warning systems for tsunamis 
and other earthquake hazards, 
the authors say. 
Nature Commun. 7, 13349 (2016) 


Shifting niches 
spell trouble 


Plants and animals will 
probably be unable to respond 
to changes in environmental 
conditions fast enough to keep 


C. HUETTER/ROBERT HARDING 


H. ARAKI ET AL./ADV. FUNCT. MATER. 


M. LAMBERTZ ET AL./ANN. N.Y. ACAD. SCI. 


pace with climate change. 
Tereza Jezkova and John 
Wiens of the University of 
Arizona, Tucson, looked at 
56 plant and animal species 
and documented shifts in 
their ‘climatic niche’ — the 
temperature and precipitation 
conditions they survive in. 
They compared these shifts 
in climatic niches with rates of 
predicted future change under 
global warming. On average, 
expected rates of change in 
temperature were more than 
200,000-fold higher under 
future climate conditions than 
rates seen in past shifts, and 
precipitation changes were 
more than 10,000-fold higher. 
Even those groups that had 
the fastest niche shifts in the 
past will still experience rates 
of temperature change that are 
300-fold higher in future. 
Historical changes were 
slowest for tropical species, 
suggesting that they will be 
especially vulnerable to climate 
change, the authors warn. 
Proc. R. Soc. B http://doi.org/ 
btn5 (2016) 


Ancient reptile 
had a diaphragm 


The muscle that allows 
mammals to breathe deeply 
— the diaphragm — may have 
been present in some reptiles 
300 million years ago, about 
50 million years before it was 
thought to have appeared. 
Markus Lambertz at the 
University of Bonn in 
Germany and his colleagues 
studied the fossilized skeletons 
of caseids: extinct mammal- 
like reptiles that lived 

300 million years ago (artist’s 
impression pictured). These 
creatures weighed around 

500 kilograms, with short 
necks that would have made 
foraging difficult and barrel- 
shaped bodies that would 
have restricted their ability 

to move air into their lungs. 
Their bones were lightweight 
and filled with air bubbles, 
similar to modern whales. 
The researchers conclude 

that caseids were probably 
aquatic, similar to present-day 


manatees (sometimes known 
as sea cows), and must have 
had muscular diaphragms to 
inhale all the air they needed 
during brief trips to the 
surface. 

Ann. N.Y. Acad. Sci. http://doi.org/ 
btkw (2016) 


QUANTUM PHYSICS 


Record set for 
linked photons 


Particles that have linked 
quantum states, known as 
‘entangled’ particles, can affect 
each other's states even if they 
are physically separated. Now 
scientists have set a record by 
entangling ten photons — two 
more than achieved previously. 
Entangled particles 
should one day enable 
quantum computing and 
communications, but they 
are inefficient to produce. A 
team led by Jian-Wei Pan of 
the University of Science and 
Technology of China in Hefei 
created the ten entangled 
photons by running five 
photon pairs through a series of 
four polarizing beam splitters. 
They also developed a laser 
light source that produced their 
photon batches about 100 times 
faster than did previous tests. 
Phys. Rev. Lett. 117,210502 
(2016) 


MATERIALS SCIENCE 


Atom-thick coats 
for copper 


Coating metals with a high- 
quality, single-atom-thick 
layer of 2D boron nitride can 
protect them from corrosion. 
Layers of 2D materials 
have been touted for use as 
protective coatings on surfaces 
but have shown mixed results, 


RESEARCH HIGHLIGHTS BiliSaiiaa¢ 


with some apparently even 
increasing corrosion rates in 
the long term. 

Zhenguo Huang at the 
University of Wollongong in 
Australia and his colleagues 
used optical microscopes and 
spectroscopy to study how 
well films of the insulator 
boron nitride protect copper 
from corrosion. They found 
that copper coated with a 
high-quality atom-thick film 
of the material remained 
almost unaffected by salt water 
over 1 hour, whereas coating 
the metal with a multi-layered 
but cracked film increased 
corrosion. Such defects 
probably accelerate oxidation, 
so coatings could be improved 
by patching up imperfections 
and growing films with fewer 
defects, the authors suggest. 
Adv. Mater. http://doi.org/f3s8tb 
(2016) 


Sensor detects 
UV exposure 


A sensor that sticks to the 
skin can give colour-coded 
readouts of ultraviolet light 
levels from the Sun, the 
leading cause of skin cancer. 

John Rogers at the 
University of Illinois at 
Urbana-Champaign and 
his colleagues developed the 
stretchable device (pictured), 
which is less than one-fifth of a 
millimetre thick. It has several 
layers, including a compound 
that changes the colour ofa 
dye when activated by UV 
light; filters to monitor both 
UV-A and UV-B radiation 
levels; and a small chip that 
wirelessly sends signals to a 
nearby device. 

The technology could be 
used to manage UV exposure 


on certain regions of the body, 
and could be adapted to sense 
other types of environmental 
exposure, such as pollution 
and chemical or biological 
agents, the authors say. 

Adv. Funct. Mater. http://doi.org/ 
f3s7dr (2016) 


Gut microbes 
shape DNA 


Gut microbes and the fatty 
acids they produce can 
regulate gene expression by 
influencing the 3D shape of 
their hosts’ DNA. 

Intestinal bacteria are 
known to affect several aspects 
of host health, including the 
risk of cardiovascular and 
metabolic diseases. To study 
the mechanisms by which 
this occurs, Federico Rey and 
John Denu at the University of 
Wisconsin-Madison and their 
colleagues compared mice 
raised with and without gut 
bacteria. They found that gut 
microbes mediate chemical 
changes to histone proteins, 
which in turn regulate gene 
expression by binding to 
DNA and altering its 3D 
conformation. 

Feeding mice a high-fat, 
high-sugar diet provides little 
material for microbes to digest 
and so blocked some of the 
changes to DNA shape. Giving 
short-chain fatty acids (which 
are produced by gut microbes) 
to mice raised without gut 
bacteria restored these effects. 
Mol. Cell http://doi.org/btr6 
(2016) 
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POLICY 


Postdoc-pay law 

A federal judge in Texas 

has blocked an effort by 

the administration of US 
President Barack Obama 

to extend overtime pay to 
millions of US workers. The 
regulation sought to double to 
US$47,500 the salary cut-off 
below which workers would 
be eligible for mandatory 
overtime pay. Set to come into 
force on 1 December, it would 
have raised pay for many US 
postdocs, whose average salary 
is around $45,000, with many 
earning substantially less. On 
22 November, the judge agreed 
with 21 states and a coalition 
of business groups that the 
rule is unlawful, and issued a 
nationwide injunction. 


PHARMACEUTICALS 


Alzheimer’s drug 

A drug that was a leading 
hope in the fight to treat 
Alzheimer’s disease has failed 
in phase III clinical trials, its 
developer announced on 23 
November. Solanezumab, 
made by Eli Lilly of 
Indianapolis, Indiana, did 
not slow cognitive decline 

in people with Alzheimer’s 
compared with those who 
took a placebo. The drug is 
an antibody-based treatment 
that targets amyloid protein in 
the brain. The trial was seen 
as a major test of the ‘amyloid 
hypothesis; which posits 

that a build-up of the protein 
triggers Alzheimer’s. The 
news sent stock in Eli Lilly, 
which invested heavily in the 
therapy, tumbling. See page 15 
for more. 


Cancer-trial deaths 
A promising but risky cancer 
therapy has again led to 
patient deaths, prompting 

the treatment developer Juno 
Therapeutics to halt a key 
clinical trial. The company, 


Huge safety shield erected at Chernobyl 


A massive radiation shield has been installed 
over the number four nuclear reactor in 
Chernobyl, Ukraine, the site of the catastrophic 
1986 nuclear accident. The steel-and-concrete 
structure is 275 metres wide, 108 metres 

high and weighs 36,000 tonnes, and is the 
largest movable land-based structure ever 
built, according to the European Bank 


located in Seattle, Washington, 
announced on 23 November 
that two patients had died of 
severe brain swelling during 

a clinical trial of an immune 
therapy. The treatment 
involves removing a person's 

T cells, engineering them to 
recognize leukaemia cells, and 
reinjecting them. The death of 
three other patients this year 
led to a hold on the trial, which 
was lifted in July after the 
study protocol was changed. 


HIV-vaccine trials 
A large-scale clinical trial of 
two promising HIV vaccines 
has begun in South Africa, 
health officials announced 
on 27 November. The study 
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is a long-awaited follow-up 
toa trial of a vaccine in 
Thailand that started in 2003 
and reduced the risk of HIV 
infection by 31%. It will test 
two experimental vaccines 
similar to the one used in the 
Thai trial, and will aim to 
enrol 5,400 people at 15 sites 
in South Africa. Results on the 
effectiveness of the vaccines 
are expected in 2020. 


PUBLISHING 


Boycott threat 
More than 2,100 people 
have signed a petition 
coordinated by Finnish 
scientists calling on major 
scientific publishers to make 


for Reconstruction and Development, the 
project’s main funder. The US$1.6-billion 
shield, called the New Safe Confinement, 
should secure the reactor unit for 100 years 
and contains remotely controllable cranes and 
machinery to dismantle the ageing concrete 
shelter that it replaces. Installation was 
completed on 29 November. 


subscription prices “more 
reasonable” and to increase 
open access to research 
content. The researchers are 
supporting demands made 

by FinElib, a consortium of 
Finnish libraries, which is 
negotiating contracts for 2017 
subscriptions with several 
large publishers. Two-thirds of 
signatories have said that they 
would be willing to boycott the 
journals involved and abstain 
from peer-review duties if 

the demands are not met. 

Last year, Finnish research 
organizations paid €27 million 
(US$28.6 million) for journal 
subscriptions, says FinElib, but 
flat or falling budgets cannot 
support rising expenditure. 


SERGEY DOLZHENKO/EPA 


LEON NEAL/GETTY 


SOURCE: US NATIONAL SNOW AND ICE DATA CENTER 


The petition follows a 
stand-off last year between 
universities in the Netherlands 
and the Dutch publisher 
Elsevier, which ended in a deal 
to make some papers by Dutch 
scientists open access. 


EVENTS 


Women of science 


More than 10,500 female 
scientists have signed an open 
letter that pledges to combat 
the “divisive and destructive 
rhetoric” and anti-science 
sentiment that has followed 
the US election. A group of 
scientists initially wanted to 
build a network of 500 women 
to start a positive conversation 
at a time when they felt that 
science and their social values 
were under attack — but 
within days, thousands had 
signed up. The group now 
hopes to develop into a global 
network for research support 
and to inspire young women 
to pursue science. 


Top-price dodo 

A rare, near-complete skeleton 
of a dodo (pictured) sold 

at auction in Britain for 
£280,000 (US$350,000) on 

22 November. The bones — 
which come from a number 
of specimens but together 
form a 95%-complete skeleton 
— were compiled by an 
enthusiast over four decades. 
Few traces remain of dodos 
(Raphus cucullatus), flightless 


TREND WATCH 


Scientists have again raised the 
alarm about the increasingly 
fragile state of the Arctic. The 


Arctic Resilience Report, published 


on 25 November, highlights 
how ongoing changes, such as 
shrinking sea ice and melting 


permafrost, could interact in ways 
that further harm ecosystems and 
the people who depend on them. 
The report comes as Arctic sea-ice 
cover is lower than usual during 
the winter freeze-up (see chart). 
This October's sea-ice extent was 
the lowest for any October average 


in the satellite record. 


birds that were found on 


Mauritius and were driven 
rapidly to extinction in the 
seventeenth century. There are 
reportedly only 12 similarly 
complete skeletons in the 
world, as well as a few other 
head and foot bones. 


EU climate target 


The European Union will 
probably fail to reach its target 
of spending one-fifth of its 
€1-trillion (US$1-trillion) 
budget on climate action in 
2014-20, the European Court 
of Auditors in Luxemburg said 
on 22 November. According 
to the European Commission, 
the proportion spent on 
climate action averaged 

17.6% in 2014-16. The EU 
would need to increase its 
spending to 22% for 2017-20, 
which the auditors think is 
unlikely — they found no shift 
towards higher spending on 
climate action in agricultural, 
rural-development or fisheries 
policies. The Horizon 2020 


research-funding programme 
is also falling behind on its 
target, having allocated only 
24% instead of 35% of its 
budget to climate research for 
2014-17. 


Worst reef die-off 


Surveys of Australia’s Great 
Barrier Reef in the wake of this 
year’s huge ‘bleaching’ event 
have confirmed that 67% of 
shallow-water corals have died 
in a700-kilometre stretch of 
the reef’s northern region. 
When water is too warm, 
corals expel symbiotic algae 
and turn white. High water 
temperatures also caused 26% 
of corals to die in a region 
farther north, but the central 
and southern regions were 

less affected. This bleaching 
event — the third in the reef’s 
recorded history — is the 
worst yet, say researchers 

from the Australian Research 
Council Centre of Excellence 
for Coral Reef Studies at James 
Cook University in Townsville. 


Negative altitude 


The European Space 

Agency on 23 November 
revealed more details from 

its investigation into why its 
lander Schiaparelli crashed 

on Mars in October. The 
probe was part of the ExoMars 
mission and was designed 

to test landing technology. 
The latest information 


LOW ARCTIC SEA ICE WORRIES SCIENTISTS 


Warm sea and air temperatures in the Arctic have contributed to 
the lowest extent of sea ice ever recorded for the time of year. 


— 1981-2000 average 
15 


Sea-ice extent* (millions km?) 


August September 


=— 2012 


October 


— 2016 


Sea-ice extent in 
2012 was also 
unusually low. 


November December 
*Area of ocean with at least 15% sea ice. 


SEVEN DAYS | THIS WEEK | 


3-6 DECEMBER 

The American Society 
of Hematology holds its 
annual meeting in San 
Diego, California. 
go.nature.com/2goxht8 


4-17 DECEMBER 
The 13th conference 
of the parties to 

the Convention on 
Biological Diversity 
meets in Cancun, 
Mexico. 
www.chd.int/cop 


suggests that there was a 
glitch in its rotation sensors 
— and confirms a previous 
suggestion that Schiaparelli 
ran into trouble when the 
sensor data were fed into its 
navigation system. The issue 
caused the lander to think it 
was at a lower altitude than it 
really was, and to jettison its 
parachute too early. The new 
twist: Schiaparelli not only 
thought it was lower than it 
was — it thought it was below 
ground level. 


Star names 

The International 
Astronomical Union (IAU) 
has established a new 
catalogue of star names in 

an effort to formalize the 
colloquial names often 

given to stars. Astronomers 
tend to use alphanumeric 
designations for stars, but 
many traditional names do 
not have official spellings, and 
sometimes the same name 
may be used for different 
stars. On 24 November, 

the IAU announced that 

it had approved a set of 

227 designations, decided by 
its Working Group on Star 
Names, which it established 
in May. Among them are 
Fomalhaut, Sirius and Rigil 
Kentaurus, the ancient name 
for Alpha Centauri, our closest 
star system. 


> NATURE.COM 
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Speedy Antarctic Weaponized J Gene-editing Cleaning 
drill kicks off hunt for antibodies upgraded to controversy enters peer- up the e-waste industry 
Earth’s oldest ice p.18 fight cancer p.19 reviewed literature p.20 in the West Bank p.22 


A woman comforts her twin, who has Alzheimer’s disease — the underlying cause of the condition is still a matter of debate. 


PHARMACEUTICALS 


Leading Alzheimer’s theory 
survives drug failure 


Solanezumab flopped in a large clinical trial, but the drug or others like it could yet succeed. 


BY ALISON ABBOTT & ELIE DOLGIN 


drug that was seen as a major test of 
A® leading theory behind Alzheimer’s 
disease has failed in a large trial of 
people with mild dementia. Critics of the 
‘amyloid hypothesis, which posits that the 
disease is triggered by a build-up of amyloid 
protein in the brain, say the results are 
evidence of its weakness. But the jury is still out 
on whether the theory will eventually yield a 
treatment. 
Proponents of the theory note that the 
failure could have been due to the particular 


way in which solanezumab, the drug involved 
in the trial, works, rather than a flaw in the 
hypothesis. And other trials are still ongoing 
to test whether solanezumab — or other drugs 
that target amyloid — could work in people at 
risk of the disease who have not shown symp- 
toms, or even in people with Alzheimer’s. 

“Tm extremely disappointed for 
patients, but this, for me, doesn’t change 
the way I think about the amyloid hypo- 
thesis,” says Reisa Sperling, a neurologist at 
the Brigham and Women’s Hospital in Boston, 
Massachusetts. 

She is leading one of several trials to test 


whether drugs that aim to reduce the build-up 
of amyloid ‘plaques’ can prevent Alzheimer’s in 
people at risk of the disease. 

Solanezumab is an antibody that mops 
up amyloid proteins, which can go on to 
form plaques in the brain, from the blood 
and cerebrospinal fluid. Eli Lilly, the com- 
pany that developed the drug, announced 
on 23 November that it would abandon it as 
a treatment for people with mild dementia. 
The outcome adds to a long list of promising 
Alzheimer’s drugs that have flopped in the 
clinic, many of which, like solanezumab, 
targeted amyloid. 
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> The Lilly trial tracked more than actual target in the brain in sufficient quantities”. 4 
2,100 people diagnosed with mild dementia MARKET REACTION Biogen, a company based in Cambridge, 2 
due to Alzheimer’s disease for 18 months. Half | When company Eli Lilly announced that an Massachusetts, is testing a different antibody & 
received monthly infusions of solanezumab, ann Ree oe ey oa Te called aducanumab, which targets amyloid & 
the other half a placebo. Analysis of people stock plummeted. plaques in the brain. In early clinical testing, 
with comparable symptoms in earlier studies OO een aC NEE NO Ne een MEE the antibody showed signs of clearing amyloid 
of solanezumab had seemed encouraging, but a and alleviating memory loss in people with 
the latest trial indicated only a small cognitive 5 mild Alzheimer’s disease; results from phase III 
benefit, not enough to warrant marketing the 2 80 trials are expected in 2020. 
drug (see ‘Market reactior). ae “Until the aducanumab data read out, we 
= have not truly put amyloid to the test,” says Josh 
PREVENTION HOPE 5 Schimmer, a biotechnology analyst at financial- 
Lilly has also been running prevention trials to | a i 23 November gag services firm Piper Jaffray in New York City. 
see whether solanezumab might help people at = BIE era Still, the negative trial findings have embold- 
especially high risk of the disease. The company ia seins ened critics of the amyloid theory, who are 
says it will now discuss with its trial partners See i ned te tie ee eet weary of its failure to yield a treatment. “The 
whether to continue with those. oe i ee rae amyloid hypothesis is dead,’ says George Perry, 
Sperling’s trial is one of these, and tests solan- a neuroscientist at the University of Texas at 
ezumab in people who have elevated amyloid San Antonio. “There’s no sign of anybody 
levels in the brain but have not shown any symp- amyloid hypothesis, and it really increases the _ getting better, even for a short period, and 
toms of dementia. Researchers at Washington importance of these longer prevention trials, that suggests to me that you have the wrong 
University in St Louis, Missouri, are also testing says Eric Reiman, the Banner institute’s mechanism,’ adds Peter Davies, an Alzheimer’s 
solanezumab, and a similar antibody made by executive director and leader of the trials. researcher at the Feinstein Institute for Medical 
drug company Roche, in people who are cur- Lilly’s result may say more about the Research in Manhasset, New York. 
rently healthy but are genetically at high risk of characteristics of solanezumab than about the No matter what Lilly decides about its other 
developing Alzheimer’s. Meanwhile, the Ban- accuracy of the underlying amyloid hypoth- _ solanezumab trials, the company isn’t giving up 
ner Alzheimer’s Institute in Phoenix, Arizona, _ esis, says Christian Haass, head of the Munich — on Alzheimer’s. It is testing an inhibitor of an 
is testing the effects of three therapies that target branch of the German Centre for Neurodegen- enzyme involved in the synthesis of amyloid in 
amyloid production, one of which isan anti- _ erative Diseases. The antibody targets soluble —_ partnership with AstraZeneca, and is progress- 
body, in people at high genetic risk of Alzhei- forms of amyloid, he points out, so it “couldbe _ ing with a handful of candidate therapies aimed 
mer’s. The Lilly outcome “doesn’t disprove the _ trapped in the blood without ever reaching the _at other targets. m 
Bonus funds excite UK scientists 
Government announces extra £4.7 billion for research and development up to 2021. 
BY ELIZABETH GIBNEY financial sleight of hand, according to Treasury “It is a real boost to see UK strength in 
documents released on 23 November after science being championed by the prime 
ritish scientists are not used to hearing Chancellor of the Exchequer Philip Hammond _ minister and backed with what is the most sig- 
B about large increases in national research gave an address on the nation’s finances. _ nificant investment in R&D I can remember,’ 
spending. So when Prime Minister The government expects to spend an extra _ said Sarah Main, director of the London-based 
Theresa May promised on 21 November that 4.7 billion on R&D between now and 2020- Campaign for Science and Engineering. 
her government would invest an extra £2 bil- 21, it says, and the final year’s £2-billion boost 
lion (US$2.5 billion) per year in research and ___will represent a rise of around 20% in total INDUSTRIAL CHALLENGES 
development (R&D) by 2020, scientists gave government R&D spending. Still, it remains Some of the money will go directly to applied 
her speech a cautious welcome. unclear how the cash will be allocated, and R&D through anew Industrial Strategy Chal- 
But the funding hike seems to be no how much will fund basic, blue-skies research. lenge Fund, modelled on the US Defense 
=>) | MORE NEWS | 
eS. Living cells @ External brain stimulation goes CRISPR’s rival 3 
MORE | 7 bind silicon deep go.nature.com/2gepapp stumbles; Pluto’s 38 
and carbon @ Peer-review ‘heroes’ do lion’s share icy heart; and is abe 
ONLINE for the of the work go.nature.com/2fhosc6 mitochondrial au 
first time @ Tracking the transition: science | | replacement ready 55 
go.nature. agencies under Donald Trump for the clinic? nature. zB 
com/2fgot89 go.nature.com/2gdtbho com/nature/podcast & 
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Advanced Research Projects Agency 
(DARPA), the Pentagon’s high-risk 
research arm. That fund will support cross- 
disciplinary “collaborations between busi- 
ness and the UK’s science base’, according 
to the Treasury documents, and will “set 
identifiable challenges for UK researchers 
to tackle”. It will be managed by Innovate 
UK, a government body that funds R&D 
primarily through businesses, and by the 
seven UK research councils, which mainly 
fund university research. The money will 
be allocated using an “evidence-based pro- 
cess’, the Treasury says. Other cash will go to 
“innovation, applied science and research”. 
Although the Treasury was vague on what 
this entailed, it said that the funding would 
be used “to increase research capacity 
and business innovation” and “to further 
support the UK’s world-leading research 
base”. UK Research and Innovation (UKRI) 
— an agency that has not yet been created, 
but is expected to unite the research coun- 
cils and Innovate UK — will award the 
funding on the basis of “national excellence’. 

The documents make no clear reference 
to spending on basic research, but Main said 
she would be surprised if it was excluded. 
“T think it will be really important that this 
funding goes to both blue-skies and chal- 
lenge-driven research. It is clear from the 
document that there is money there just 
to increase the UK’s research capacity, and 
that this money is going to be channelled 
through UKRI. It will be important for 
UKRI to consider the balance of how that 
money is distributed,” she said. 


BREXIT AHEAD 

Scientists had hoped that the speech would 
signal their new government's approach to 
science. And although it was dominated by 
forecasts of the country’s slowed economic 
growth as a result of Brexit — its exit from 
the European Union — research and inno- 
vation also took top billing. “We do not 
invest enough in research, development and 
innovation,’ Hammond said. 

But “sorely missing” from the statement 
was any reference to the impact on science 
from Brexit, says Stephen Curry, a struc- 
tural biologist at Imperial College London 
and a member of the advisory board for 
the campaign group Science is Vital. “I'd 
like to know how the loss of EU funding 
will impact decisions on allocation of the 
new investments.” Hammond’s opposi- 
tion counterpart, Labour Party shadow 
chancellor John McDonnell, replied by 
saying that the rise in R&D funding was 
not enough: it would lift the proportion of 
UK gross domestic product spent on R&D 
from 1.7% to only 1.8%. The Organisation 
for Economic Co-operation and Develop- 
ment recommends that developed coun- 
tries should be spending 3%. m 
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Physicians may soon have a lot more help in treating newborns. 


Preventing brain 
damage in babies 


Experimental therapies could save thousands of newborns. 


BY ERIKA CHECK HAYDEN 


euroscientists and physicians have 
New on what they hope will be 

a revolution in treatments to prevent 
brain damage in newborn babies. 

As many as 800,000 babies die each year 
when blood and oxygen stop flowing to the 
brain around the time of birth. And thousands 
develop brain damage that causes long-lasting 
mental or physical disabilities, such as cerebral 
palsy. Physicians have few tools to prevent 
this, but they are optimistic that clinical trials 
now under way will change things. 

The trials were sparked by neuroscientists’ 
realization in the 1990s that some brain inju- 
ries can be repaired. That discovery spurred a 
flurry of basic research that is just now coming 
to fruition in the clinic. 

In January, a US study will start to test 
whether the hormone erythropoietin, or EPO, 
can prevent brain damage hours after birth 
when combined with hypothermia, in which 
babies are cooled to 33.5°C. A trial in Aus- 
tralia is already testing this treatment. Physi- 
cians in countries including the United States, 
China and Switzerland are testing EPO in 
premature babies, as well as other treatments, 


such as melatonin, xenon, argon, magnesium, 
allopurinol and cord blood in full-term babies. 

“The world has really changed for us,” says 
neurologist Janet Soul at Boston Children’s 
Hospital in Massachusetts. 

Therapeutic hypothermia was the first suc- 
cess: clinical trials over the past decade have 
shown that it decreases the risk of death and 
of major brain-development disorders by as 

much as 60%. It is 


“Ican’t tellyou now standard treat- 

how great itwas ment for babies in 

to be able to do developed countries 

° whose brains are 

letter Dh deprived of blood and 
° oxygen during birth. 


“T can't tell you 
how great it was to be able to do something 
for these babies rather than stand there and 
watch them have seizures,’ Soul says. 

But because hypothermia does not work for 
all babies’, scientists decided to see whether 
combining it with other treatments would 
help. EPO was known to boost the production 
of red blood cells even before its discovery” 
in mouse brain cells in 1993, and is regularly 
used by physicians to treat anaemia. Neuro- 
scientist Sandra Juul at the University of > 
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> Washington in Seattle wondered what 
a blood-boosting hormone was doing in 
the brain. In subsequent animal studies, 
she found that the hormone stopped brain 
cells from dying and helped the brain to 
repair itself’. That led a few years later to 
the first clinical trials showing that EPO 
prevents brain damage in babies. 


MOVING ON 

In June, a study conducted by Juul and her 
colleagues reported the results of giving 
EPO or a placebo, along with inducing 
hypothermia, just after birth to dozens of 
babies at risk of brain injury. Those who 
received EPO were less likely than those 
given the placebo to show signs of brain 
damage on magnetic resonance imaging 
tests done five days later’. 

Those results led to the forthcoming 
clinical study. Co-led by Juul and Yvonne 
Wu, a paediatric neurologist at the Univer- 
sity of California, San Francisco, the trial 
will enrol 500 babies at risk of brain injury 
from 17 hospitals across the United States 
during their first 24 hours of life. 

All the babies will be treated with 
hypothermia. Half will then receive 
five doses of EPO over seven days; the 
other half will get saline injections. The 
US$10-million trial will measure whether 
the hormone boosts the children’s mental 
and physical health at 2 years of age. 

Researchers are also testing EPO in 
babies born as early as 23 weeks in the 
United States and Europe. Such prema- 
ture babies are more likely to develop 
brain injury than are full-term babies, and 
smaller studies have produced conflicting 
results about the benefits of EPO in these 
very early cases. 

But neonatologist Giancarlo Natalucci of 
the University of Zurich, who was part ofa 
Swiss trial that found EPO didn’t improve 
the health of two-year-olds who had been 
treated as premature babies’, says that fac- 
tors such as dose may account for such 
results. He still thinks that the treatment 
merits study. 

The trials are difficult to conduct 
because it’s hard to tell whether a symptom 
is a side effect of treatment or the result of 
a baby’s underlying injuries. 

But despite the hurdles, Juul and other 
researchers press on, driven by their desire 
to aid the world’s smallest patients. “They're 
in such desperate need of help,” Juul says. = 
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Speedy drills start 
hunt for oldest ice 


British team first to seek site of 1.5-million-year-old sample. 


BY QUIRIN SCHIERMEIER 


s the short Antarctic spring ends and 
Am summer days approach, geo- 

scientists are flocking to the frozen 
continent to start anew kind of exploration. 

In December, the first drill designed to 
search for a scientifically useful sample of ice 
that is at least 1.5 million years old will begin its 
work. It is part of a broader effort to locate the 
best place to extract a core containing Earth’s 
oldest ice, which would help to reveal how 
climate has shaped the planet’s past and how to 
predict future fluctuations. 

“This exciting field season should bring us a 
large step nearer to deciding where to drill the 
oldest-ice core,” says Olaf Eisen, a glaciologist 
at the Alfred Wegener Institute of Polar and 
Marine Research in Bremerhaven, Germany, 
who coordinates an exploration team funded 
by the European Union. 

More than a decade ago, the European 
Project for Ice Coring in Antarctica (EPICA) 
drilled the oldest existing core, which contains 
800,000-year-old ice, from an ice dome in East 
Antarctica known as Dome C. The core reaches 
only as far back as the latter part of the Pleisto- 
cene epoch, when Earth began cycling between 
warm and cold periods every 100,000 years. 
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Before 1 million years ago, the cycle occurred 
every 40,000 years (L. E. Lisiecki and M. E. 
Raymo Paleoceanography 20, PA1003; 2005), 
so scientists want an ice core that is twice as old 
as EPICA to better understand this transition. 
Digging such a core would cost about 
US$50 million and take several years, so 
researchers want to be sure that the location 
is optimal — with ice that is sufficiently deep 
but not melted at the bottom by geothermal 
activity. “It's absolutely crucial to thoroughly 
investigate all options,’ says Eisen. Enter a new 
breed of drill, designed to do fast, cheap recon- 
naissance instead of extracting a single, intact 
ice core, as previous deep drills have done. 
One promising location, ‘little Dome C; 
lies just 40 kilometres away from the EPICA 
site — and is where the £500,000 (US$620,000) 
Rapid Access Isotope Drill (RAID) will start 
boring this month, led by climate scientist Rob- 
ert Mulvaney of the British Antarctic Survey 
in Cambridge, UK. A narrow drill, RAID will 
excavate to 600 metres in about 7 days — com- 
pared with 5 years for a 3.4-kilometre core such 
as EPICA’. And rather than extract a core, 
RAID will measure the ice’s temperature and 
collect chips of ice. Scientists will then comb 
these for clues from isotopes as to the age and 
temperature of the ice at the bottom of the sheet. 


Dome F 

* German team to 
send aeroplanes to 
map ice thickness, 
2016-17. 
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SOURCE: H. FISCHER ET AL. CLIM. PAST 9, 2489-2505 (2013) 


A more expensive reconnaissance 
instrument, which will do its first drilling tests 
this season at Dome C, should be ready to take 
a deeper look next year. Led by glaciologist 
Jéréme Chappellaz of Joseph Fourier Uni- 
versity in Grenoble, France, the €3.2-million 
(US$3.4-million) SUBGLACIOR probe, which 
is about the same width as RAID, can penetrate 
the more than 3-kilometre-thick ice sheet in a 
single season. 

Both the UK and French drilling projects are 
funded as part of the EU collaboration. But also 
this season, a US team led by climatologist Jef- 
frey Severinghaus of the Scripps Institution of 
Oceanography in La Jolla, California, and John 
Goodge of the University of Minnesota, Duluth, 
will test the $10.5-million Rapid Access Ice 
Drill (also abbreviated RAID) at Minna Bluff, 
near the US McMurdo Station on Ross Island. 
Producing a hole of about 8 centimetres — sim- 
ilar to the boreholes of the other drills — it is the 
only rapid drill that can extract rocks from the 
bottom of a core. Next Antarctic summer, the 


team will begin its hunt for the site ofa 1.5-mil- 
lion-year-old core. 

Dome Cis one option for its first excavation. 
Another is the relatively unexplored Dome F 
in Antarctica’s Queen Maud Land, which 
ground-based radar suggests is a promis- 
ing candidate (see ‘Ice search’). In January, a 
German team will run reconnaissance flights 


“You cannot there. Funded by the 
trust a same European grant 
single core.” as the UK RAID and 

‘ SUBGLACIOR drills, 


this radar survey will give a more comprehen- 
sive view of the ice thickness. Severinghaus 
says that his team will watch for the data when 
deciding where to point the US RAID. 

Both the US and European teams are work- 
ing under an umbrella group. The Inter- 
national Partnerships in Ice Core Sciences 
(IPICS) aims to identify a suitable site to drill 
a core representing Antarctica’s oldest ice in 
the next two years. That drilling could start 
by the end of 2020, says Eisen. But how the 
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international teams would work together ona 
joint project, or share funding, is unclear. 

There's a possibility that a record-breaking 
ancient core could show up sooner. For several 
years, scientists at the Polar Research Institute 
of China in Shanghai, who are also members 
of IPICS, have been probing the ice sheet that 
covers Dome A, a plateau close to the centre of 
the Antarctic continent. Using a conventional 
corer rather than a rapid exploratory drill, they 
are working on obtaining a deep, intact ice core 
from the region, says Eisen — and it is possible 
that it could stretch back to 1.5 million years. 
Such a surprise success would increase pressure 
on teams from other nations to produce their 
own record, he says. 

Multiple cores would benefit science. “We 
would carry on with our project,” says Eisen. 
The IPICS effort would ideally excavate multi- 
ple 1.5-million-year-old cores in any case. “You 
cannot trust a single core,’ says Severinghaus. 
“We absolutely need different records from 
different thermal regimes.” m 


DRUG DISCOVERY 


Weaponized antibodies use new 
tricks to fight cancer 


Next generation of Trojan-horse drugs designed to minimize damage to healthy cells. 


BY HEIDI LEDFORD 


fter decades of frustration, efforts 
Ae develop antibodies that can 

ferry drugs into cancer cells — and 
minimize damage to healthy tissue — are 
gathering steam. The next generation of these 
‘weaponized antibody’ therapies, called anti- 
body-drug conjugates (ADCs), is working its 
way through clinical trials. 

Researchers will gather to discuss this 
renaissance on 30 November at the Sym- 
posium on Molecular Targets and Cancer 
Therapeutics in Munich, Germany. The 
improvements come after the first wave of 
experimental ADCs failed to deliver on its 
promise. 

“Tnitially there was a lot of excitement, and 
then slowly many of them did not work,’ says 
Raffit Hassan, a cancer researcher at the US 
National Cancer Institute in Bethesda, Mary- 
land. Now, he says, there are two new ADCs 
in phase III clinical trials, and many more in 
earlier-stage testing. 

The concept that underlies these drugs is 
simple: repurposing an antibody as a vehicle 
to deliver a toxic drug into a cancer cell. When 
the antibody in an ADC seeks out and docks 


Breast-cancer cells might be susceptible to drugs that masquerade as antibodies to sidestep defences. 


onto a tumour cell, the cell takes it up and 
cleaves the molecular links that bind the drug 
to the antibody. This frees the drug to kill the 
cell from within. 

But this approach has proved tricky to real- 
ize. Sometimes the molecular linkers are too 
tight, and do not release the drug inside the 
cell. Sometimes they are too unstable, and 
release the drug near healthy cells — limiting 


the dose that can be administered. Even the 
drugs themselves can be problematic: because 
mostare toxic mainly to rapidly dividing cells, 
they can leave behind the slowly dividing cells 
that seed some tumours. And some have had 
trouble penetrating more than a few cell layers 
into their target tumours. 

Researchers have been chasing ADCs for 
decades, Hassan says. The US Food and > 
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> Drug Administration has approved three, 
but one was subsequently withdrawn from 
the market amid concerns that it was not 
effective and posed safety risks. The other 
two have met a happier fate: sales of Adcetris 
(brentuximab vedotin), approved in 2011 to 
treat lymphoma, and Kadcyla (trastuzumab 
emtansine), approved in 2013 to treat breast 
cancer, have been encouraging, says Ryan Mil- 
lion, head of the San Francisco office of the 
life-sciences and health-care consultancy firm 
Trinity Partners. 

The approvals gave investors confidence in 
the field and sent researchers into a frenzy to 
improve their designs. More than 40 ADCs are 
now in clinical testing. Genentech, the biotech- 
nology firm in South San Francisco, Califor- 
nia, that developed Kadcyla, is experimenting 
with alternative drugs and molecular linkers. 
“Chemistry efforts have gotten more sophisti- 
cated in making decisions about which linker 
will go with each drug,’ says Bernard Fine, a 
group medical director at the firm. The com- 
pany is now working on nine ADCs. 

Researchers are also mining a wealth of data 
from cancer-sequencing projects in search of 
new targets for antibodies to latch onto, says 
Stéphane Depil, medical director of the can- 
cer immunotherapy programme at the Centre 
Léon Bérard in Lyon, France. Identifying those 
that are unique, or nearly so, to cancer cells has 
been a major challenge, he says. But growing 
interest in harnessing the immune system has 
led researchers to catalogue unique proteins 
expressed on the surface of malignant cells. 

Some companies are trying to hit familiar 
targets with entirely new designs. Mersana 
Therapeutics, a biotechnology firm in Cam- 
bridge, Massachusetts, has attached both an 
antibody and a drug to a biodegradable poly- 
mer, rather than linking them to each other. 
This allows the company to attach 15 molecules 
of the drug to each polymer, rather than the 
usual three or four, says chief scientific officer 
Timothy Lowinger. Mersana is testing its 
approach in early clinical trials of a drug con- 
jugate that targets HER2, a protein expressed 
at high levels in some breast-cancer tumours. 
Kadcyla targets HER2, too, but Lowinger says 
that Mersana’s version can bring in more drug 
per target, so it could be useful against cancers 
that express only low levels of HER2. 

And at Tarveda Therapeutics, a biotechnol- 
ogy company in Watertown, Massachusetts, 
researchers have dispensed with the antibody 
altogether. Instead they are using a short 
strand of amino acids, the building blocks 
of proteins, to target cancer cells. The result 
is a drug that is about 15 times smaller and 
likely to penetrate deeper into the tumour, 
says Richard Wooster, Tarveda’s president of 
research and development. 

Even with all this activity, the technology has 
not reached its peak, says Million. “There's still 
lots to innovate,’ he says. “But when it works, I 
think it will work powerfully’ = 
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BY DAVID CYRANOSKI 


heated dispute over gene-editing 
A= began in blogs and social 

media is now playing out in the 
scientific literature. 

Six months ago, Chinese researchers 
reported that an enzyme called NgAgo could 
be used to edit mammalian genes' — and 
that it might be more accurate and more 
versatile than the popular CRISPR-Cas9 
gene-editor. But other scientists complained 
that they could not replicate the experiment. 

Now, a paper published in Protein & Cell’ 
lists multiple failed replications, and another, 
published in Cell Research’, suggests that 
NgAgo may only block, but not edit, genes 
when injected into zebrafish (Danio rerio). 
Nature Biotechnology, which published the 
first NgAgo paper, has also published a 
report of three failed attempts to replicate 
the original experiment’, and an ‘expression 
of concern’ to accompany the original paper. 

Nature Biotechnology is editorially inde- 
pendent of Nature’s news team and is owned 
by Nature’s publisher, Springer Nature. 
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Zebrafish embryos star in one peer-reviewed paper investigating the NgAgo gene-editing technique. 


Gene- editing 
row escalates 


Attempts to use a controversial potential rival to the 
CRISPR-Cas9 technique have now been published. 


Han Chunyu, a biologist at Hebei Univer- 
sity of Science and Technology in Shijiazhuang 
who first reported the NgAgo experiment, says 
that he stands by his team’s original claims and 
that “the Nature Biotechnology paper provides 
us some clues as to why others are having 
problems.” He says that he hopes to submit a 
scientific paper explaining why others are hav- 
ing difficulty by the end of the year. 

Nature Biotechnology says that it will give 
Han’s team the opportunity to respond to the 
criticisms in the report by January 2017. “An 
update will be provided to the community at 
that time,’ said a spokesperson. 

Gene-editing techniques that precisely 
disable or modify specific sections of a genome 
have taken the biomedical world by storm. 
NgAgo is one of several proposed alternatives 
to the most popular method, CRISPR-Cas9. 

The 20 authors of the Protein e Cell paper” 
describe how they attempted without success 
to use NgAgo to edit a variety of genomes. 
Eight of the labs then tried the feat again, using 
genetic materials provided by Han, targeting 
the same genes and also applying the technique 
to human cells. They all failed. 
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The paper urges Han’s team to “clarify the 
uncertainty surrounding NgAgo’. One author, 
Wensheng Wei, a molecular biologist at Peking 
University, has already made up his mind. “It 
simply doesnt work, period,” he says. 

Zhang Xiaoxue, managing editor at Protein 
e Cell in Beijing, says that the journal made 
an effort to publish the NgAgo paper quickly 
because of the debate. “In China, it’s not just a 
scientific issue. It’s also an ethical and political 
issue,’ she says. 

The failed replications described in Nature 
Biotechnology* were carried out by three more 
groups; all also used genetic materials provided 
by Han, targeted the same genes and applied 
the technique to human cells. 

In the Cell Research paper’, researchers 
report an attempt to use NgAgo to edit a gene in 
zebrafish embryos that is thought to be related 
to eye development. Some of the embryos devel- 
oped either one very small eye and one largely 
normal eye, or eyes that were fused and formed, 
according to the paper, on the top of the head 
“like a cyclops’, as if NgAgo had knocked out 
the gene. But sequencing the genomes of the fish 
revealed that the gene was still intact. 

Lead author Liu Dong, a molecular biolo- 
gist at Nantong University in China, suggests 
that the NgAgo molecules clamp onto the 
genome, but instead of cutting the target gene, 
they reduce its expression. If he is right, then 


NgAgo does not make permanent changes that 
are passed on to the next generation and would 
therefore not be considered a gene editor. 

But Liu offers little insight into the contro- 
versy over the original NgAgo experiments, 
which, he notes, were done in human cells 
in vitro. He adds that the NgAgo protein, which 
can be easily prepared in the laboratory, could 
provide a cheap, accessible alternative to cur- 
rent methods of temporarily blocking gene 

function in zebrafish. 


Reon ee ae a 
confirming that evidence against the 

oe claims in the original 
NgAgodoesnot x SAgG paper’ “This 
work as a gene er ee 
editor. 


now published in a 
peer-reviewed jour- 
nal, confirming that NgAgo does not work as 
a gene editor,’ says Lluis Montoliu, a geneticist 
at the Spanish National Centre for Biotechnol- 
ogy in Madrid, who has previously criticized 
the Han paper. 

Han says that he has found a problem that 
could explain why others are having difficulty 
replicating his results. “I cannot say right now 
because the media in China jumps on every- 
thing I say,” he says. “I need a little bit of time.” 

One of the few scientists who previously 
told Nature that he had corroborated Han’s 
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findings now says that he is using NgAgo, and 
that he hopes to publish soon. But another who 
previously noted positive results with NgAgo 
says now that the “data are confusing” and “we 
cannot make a conclusion”. Neither researcher 
wanted to be named, for fear of being dragged 
into the controversy. 

The debacle has raised questions about a 
224-million-yuan (US$32-million) gene- 
editing centre that Han’s university — the 
Hebei University of Science and Technology — 
announced in August that it will build. “With- 
out Han’s Nature Biotechnology paper and the 
hype after that, it’s impossible for the school 
to get such huge funding,’ says Fang Shimin, 
a former biochemist who has become famous 
for exposing fraudulent scientists. He was also 
one of the first to publicize criticism of Han’s 
paper. If Han’s work doesnt stand up, “the centre 
will lose its legitimacy’, he says. The university 
declined requests to discuss the centre. m 


1. Gao, F.,, Shen, X. Z., Jiang, F., Wu, Y. & Han, C. Nature 
Biotechnol. 34, 768-773 (2016). 

2. Burgess, S. et al. Protein Cell http://dx.doi/ 
org/10.1007/s13238-016-0343-9 (2016). 

3. Qi, J. et al. Cell Res. http://dx.doi.org/10.1038/ 
cr.2016.134 (2016). 

4. Lee, S-H. et al. Nature Biotechnol. http://dx.doi.org/ 
10.1038/nbt.3753 (2016). 


See http://go.nature.com/2fujd8m for a 
longer version of this story. 
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CORRECTION 

In the story ‘Speedy drills start hunt for 
oldest ice’ (Nature 540, 18-19; 2016), the 
size of the borehole to be drilled by the 

US RAID was wrong. It will be about 8cm, 
and so roughly the same size as the other 
planned holes. The story should also have 
noted that as well as Jeffrey Severinghaus, 
the US project is co-led by John Goodge of 
the University of Minnesota, Duluth. 
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The ghosts of 
old computers 


In arare example of cooperation, Israelis and 
Palestinians are working together to clean up 
electronic waste in polluted communities. 


By Josie Glausiusz 


idoo Cave in the hills west of Hebron opens with towering 
arches that lead through subterranean chambers carved 
perhaps thousands of years ago. Cut into the walls of one 
cavern are hundreds of small, rectangular niches where 
ancient residents once raised pigeons for meat, eggs and 
ritual sacrifice. 

The cave could be an archaeological treasure, but soot coats the walls 
and the floor is littered with rubbish, including burnt tyres and wiring. 
Deep inside the cavern, beside a giant rock, is a lone upside-down com- 
puter monitor. 

Bidoo is used by local children to burn ‘e-waste’ — mostly leftover 
foams and plastics from computers and televisions. Electronics are 
dismantled in nearby villages as part of a massive recycling industry 
outside Hebron in the Palestinian territories. The scale of this industry 
is enormous: roughly half of all the e-waste generated in Israel finds 
its way to a cluster of four villages in the area. About 80% of house- 
holds there — including both adults and children — are involved either 
directly or indirectly in processing e-waste to extract copper and other 
valuable metals. 

The informal, unregulated trade takes a heavy toll. Hundreds of 
e-waste burn sites are scattered about the region and have polluted 
the soil with lead, as well as dioxins and other toxic compounds. “The 
landscape is saturated with these contaminants,” says Yaakov Garb, an 
environmental scientist at Ben-Gurion University of the Negev in Sde 
Boker, Israel, who has spent the past five years mapping the burn sites 
and assessing their effects on the health of people who live nearby. “Most 
houses are within a stone’s throw ofa current site or former site.” 

Locals say that the burning sickens entire villages with respiratory 
illnesses, and water that runs off the contaminated hillsides kills vegeta- 
tion. Although medical information there is spotty, preliminary studies 
have found very high lead levels in children. And studies of exposure to 
similar e-waste sites in China have documented a range of health effects, 
including increases in spontaneous abortions, still births, DNA damage 
and breathing difficulties’. 

Now, an innovative plan is taking shape to clean up the electron- 
ics recycling industry in the Hebron Hills. Garb is working with local 
leaders, government agencies and nongovernmental organizations 
to remediate the toxic sites and replace burning with non-polluting 
recycling methods that still allow residents to earn a living. The Swed- 
ish International Development Cooperation Agency (SIDA) plans to 
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Palestinians burn refrigerator 
motors to extract valuable metals 
in the village of Idhna. Locals 
blame health problems on 
e-waste recycling. 


provide US$2.7 million to sup- 
port the project, which is await- 
ing approval by the Palestinian 
Authority. And ina rare exam- 
ple of cooperation, the Israeli 
and Palestinian governments 
are nearing agreements to put 
the plan into action, says Garb. 

“What he’s been able to pull 
together is nothing short of 
miraculous; getting both sides 
to agree like that at all levels, it’s remarkable,” says Richard Fuller, chief 
executive of the non-governmental agency Pure Earth in New York City, 
which will be overseeing the project. The Palestinian clean-up scheme, 
he says, could serve as a model project for similar toxic e-waste sites 
in poor communities around the world, where millions of tonnes of 
electrical equipment gets dumped each year. 


BORDER CROSSINGS 

Garb has a long history of working across borders — both international 
and academic. Born in Johannesburg in 1960, he came to Israel as a 
13 year old with his parents, who saw no future in apartheid-era South 
Africa. He has studied irrigation in sub-Saharan Africa, former toxic 
waste sites in the Czech Republic and deforestation in Guatemala. 

E-waste caught his attention in 2008, when he noticed something 
odd while conducting a freight survey in the southern West Bank. 
Each morning, 70 to 80 trucks left the Hebron area and passed into 
Israel. They returned to the West Bank each night, laden with washing 
machines, refrigerators, toaster ovens, LCD screens, computers 
and furniture. 

After publishing his traffic survey, Garb set the data aside for a few 
years, until he did a study analysing the water sources in hundreds of 
West Bank towns and villages. Residents of the town of Beit Awwa told 
a student working with Garb: “We used to collect the rainwater, but we 
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don't because of the ‘black rain.” Laundry, hung out to dry, came back 
soot-coloured. The villagers blamed the black rain on the local recyclers, 
who burn electrical cables and wiring to extract copper. 

That made Garb even more curious. He and another graduate stu- 
dent, John-Michael Davis of Memorial University of Newfoundland in 
St John’s, Canada, analysed the local e-waste economy from top to bot- 
tom by conducting hundreds of interviews and doing randomized sur- 
veys. Davis even moved to Beit Awwa for more than a year to immerse 
himself in the community. Their study” is the first to chart the entire 
e-waste recycling economy anywhere, says Garb. They found that the 
items in the trucks came from a variety of sources in Israel: technology 


companies or government ministries upgrading computers or routers 
and disposing of the old equipment; repair labs that discard or sell old 
televisions or other hard-to-fix items; and households getting rid of old 
appliances. Some of it ends up in Beit Awwa, says Davis, where there 
is a big market for discarded furniture and appliances. Although many 
items are refurbished and resold, large quantities of electronic waste 
are dismantled and burnt in an industry spread across Beit Awwa and 
three adjacent villages: Idhna, Al-Kum and Deir Sammit. He and Garb 
calculated that some 60,000 tonnes of e-waste — about half of what 
is produced in Israel — were processed at these four villages in 2014. 

Some residents break down or repair the equipment in informal facili- 
ties, and others burn components at more than 500 sites in and around 
the villages. About 70 of these sites have, at some point in the past dec- 
ade, burned at least a tonne of waste per day over the course of a year, 
says Garb. The local industry took off in 2004 after the price of copper 
jumped and Israel’s construction of a security barrier made it difficult 
for Palestinian men in this area to cross into Israel for work. 


TOXIC IMPORTS 

This kind of e-waste traffic from prosperous to poorer communities 
happens around the world. According to a report’ compiled by the 
United Nations, an estimated 41.8 million tonnes of waste electrical 
and electronic equipment was generated in 2014 (See ‘Mountains of 
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e-waste’). Europe and Asia are the largest producers, and African and 
Asian countries — including Ghana, Nigeria, China, Pakistan, India 
and Vietnam — are key destinations for shipments of hazardous e-waste 
for dumping. 

In the Palestinian territories and much of the developing world, 
recyclers rely on inexpensive methods — using hammers and axes to 
dismantle equipment and burning cables to extract the copper. These 
techniques are also among the most polluting. So when Garb became 
aware of the problem in what is practically his backyard, he felt com- 
pelled to try clean it up, he says. 

In combination with Palestinian and Israeli officials, Garb and his 
colleagues are attempting to transform the illegal, unregulated enter- 
prise into a formal recycling trade — with facilities that allow for safe 
extraction of valuable components. Instead of stamping out the industry, 
which he says would drive it elsewhere in the West Bank, Garb hopes to 
build a partnership that will benefit all parties. 

A tour of Beit Awwa and surrounding villages reveals how much is at 
stake. An acrid smell fills the air as Garb walks past ramshackle work- 
shops and blackened hills. One facility is stacked high with old lamps, 
refrigerators, sinks, cables, metal cabinets, motherboards, keyboards 
anda pile of burned metal scrap. Nailed to a pole outside, an old Hebrew 
sign warns, “Please keep [area] clean” 

A boy, about ten years old, saunters about in flip-flops over the greasy 
black ground. According to a small survey by Garb, the average age at 
which burners start in the industry is 15. 

Many residents worry about the recycling industry. At a burn site 
close to a quarry east of Idhna, two men driving past in their truck stop 
to talk to Garb. They complain that rainwater run-off from the fires has 
rendered nearby fields so contaminated that crops cannot grow there. 
During burning, chickens die or lay eggs without shells or yolks, say 
the workers. 

In an unpublished study, Garb and Davis found hints that one type 
of cancer might be more common near burn sites. Garb has worked 
with a local group, Al Yassaria Women’s Association, as well as Noam 
Weisbrod, a contaminant hydrologist from Ben-Gurion University, to 
submit a proposal to the US Agency for International Development 
to study household exposure to e-waste burning and its health effects, 
including birth defects and cancer. 

Preliminary results from other studies suggest that children in the 
area are getting high doses of heavy-metal pollution. Sulaiman Swaitti, 
a Palestinian nurse from Beit Awwa who is now a master’s student in 
public health and environmental studies at Ben-Gurion University, ana- 
lysed levels of lead in the blood of 22 children from Deir Sammit. Twelve 
children had concentrations above 5 micrograms per decilitre, the point 
at which the US Centers for Disease Control and Prevention recom- 
mends public-health action; the highest value was 18.7 micrograms per 
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Electrical and electronic equipment are part of modern life, but 
when they are recycled or disposed of improperly, this e-waste 
can release pollutants. In 2014, national programmes safely 
dealt with at least 6.5 million tonnes (Mt) of the 41.8 Mt of 


decilitre. For comparison, a separate study’ of children in the West Bank 
found an average lead level of 4.2 micrograms per decilitre. 

Swaitti plans to do a more formal study by measuring lead in blood 
samples from 40 children in each of the other villages, plus a control 
group. He will also test dust in their households for heavy metals, and 
correlate the results with school grades. 

“We have been suffering from this e-waste for a very long time — from 
the emissions from the burning of plastics, copper and aluminium,” 
says Muhamad Sweity, administrator of the Al Yassaria municipality, 
which covers Deir Sammit, Beit Awwa and Al-Kum. “We suffer from 
many, many problems: contamination of water, agriculture, farm ani- 
mals, nature.’ Children who live close to the burn sites have breathing 
problems, he says, and olive-tree yields have declined year after year. 
“We tried several times to solve the problem with the aid of the police, 
the [Israeli] Civil Administration, the government — nothing helped 
us,’ Sweity says. 

Although burning e-waste is illegal, oversight in the area is compli- 
cated because local Palestinian police have to coordinate with the Israeli 
Civil Administration — which has military and administrative control 
of the area — to enter the region where much of the burning takes place. 
By the time police get there, the people responsible are typically gone. 
And many families earn their livelihood from recycling, so they are 
reluctant to give it up. What is really needed, Sweity says, is financial 
support for clean recycling companies, as well as better police enforce- 
ment and inspection schemes. 


TWO WORLDS 

That's where Garb comes in. With his calm and easy-going manner, he 
gets a warm welcome in the Palestinian villages and also works effec- 
tively with Israeli authorities and other parties. “Somehow I seem to 
be put together in a way that allows me to move between the Arab and 
Jewish worlds, and between the social worlds of consulates and scrap 
yards, ministries and smugglers,’ says Garb. 

That sensibility has helped to give Garb a unique role in this area, 
says Johan Schaar, head of development cooperation at the Consulate 
General of Sweden in Jerusalem. Sweden has been active in promoting 
development in the Palestinian territories, and Schaar first met Garb 
three years ago. “What Yaakov has done, all this mapping that he has 
been able to do in these villages, that he has gained the confidence ofall 
the people involved in this, is quite extraordinary,’ he says. 

Garb’s efforts stand out, say others in the region, because there is a 
high degree of tension there, with little progress towards peace after 
nearly 50 years of Israeli occupation of the West Bank. In December 
2015, SIDA gave Garb and Pure Earth a $180,000 grant that funded a 
trial remediation of two sites in Beit Awwa. Workers used a tractor to 
scrape off the black surface goop, and then dug out the remaining toxic 
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A young worker collects wiring from e-waste in Idhna. 


grime with picks and shovels. They transferred the material to a double- 
sealed plastic storage deposit at the same site. (Garb is now negotiating 
to move the contaminated soils to a certified facility for hazardous-waste 
disposal in Israel.) 

That was just the first phase of a much broader project. In January 
this year, Garb and his team drew up an ambitious programme consist- 
ing of three components: clean up the hazardous-waste sites, create a 
sustainable Palestinian recycling sector and prevent further contami- 
nation of sites. The plan to build a sustainable recycling industry was 
key to convincing the Israeli Civil Administration to come on board, 
Garb says. 

Schaar says that SIDA expects to provide a $2.7-million grant, chan- 
nelled through Pure Earth, to implement the broader plan. One part 
will be used to clean up 100 toxic waste sites. Another portion will fund 
an interim programme of free, legal copper recycling for residents of 
these villages. And a third will pay for a small rapid-response unit to 
shut down illegal burning. 

Fuller says the project yields multiple benefits by “giving jobs to 
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the poorest, helping to build that economy, and that helps the whole 
peace process”. 

The Israeli government and Palestinian Environmental Quality 
Authority are now in the final stages of negotiating an agreement to 
put the plans into place. 


BACK TO THE GRIND 

The cleaner future that Garb envisions is slowly taking shape in a small 
warehouse in Idhna. At the Safa Recycling and Material Processing com- 
pany, workers shovel wiring from electronics and electrical cables into 
a $220,000 grinding machine that shreds copper cables and separates 
them from their plastic sleeving. Safa's owner, Ismail Suleiman, says that 
when he bought the machine, “everyone was happy and clapping’, but 
it has been difficult to turn that into a profitable business. Grinding the 
cables costs much more than burning them. And he had trouble obtain- 
ing the proper permits to import the cables legally from Israel, he says. 
“There is no enforcement of laws by the Palestinian Authority against 
burning, he says. “Any way you look at it, it’s a mess.” 

Money from the Swedish pilot project has helped. In February, the 
SIDA grant provided funds for locals to bring in cables for free grind- 
ing. Recyclers were so eager that they processed 15 tonnes in just 3 days, 
demonstrating that they might embrace a cleaner alternative to burning 
if it is economical. A portion of the new Swedish grant would provide 
an economic incentive to continue this legal recycling. 

The Israeli government has also become involved in the clean-up 
efforts, because smoke from the four villages affects Israeli residents as 
well. Benny Elbaz, the Israeli Ministry of the Environment official who 
heads the West Bank environmental division of the Israeli Civil Admin- 
istration in Beit El, is upbeat about the upcoming agreement. “We're 
doing everything we can to ensure the success of this project,” he says. 

Elbaz plans to expand the initial pilot recycling project at Safa to other 
materials and other companies. Garb, too, has high hopes for extending 
the scope of the industry. He foresees “competitive boutique recycling’, 
in which Palestinians develop their own micro-niches for hand-disman- 
tling devices and extracting rare-earth metals such as neodymium from 
the powerful magnets found in microphones and hard drives. 

Pure Earth sees the Palestinian—Israeli initiative as a model for how to 
clean up burn sites in urban centres of many other poor places around 
the world, including those in Africa. Fuller says that Garb’s project is one 
of the best designs he has seen, because it is politically viable. “I hope 
that we're going to do it in many other places,” he says. 

But making the shift from burning to clean recycling is challenging, 
says Kees Baldé, an associate programme officer at the United Nations 
University in Bonn, Germany, and co-author of the 2014 report’ on 
global e-waste. The higher costs of clean recycling and local corruption 
in many areas often conspire to doom such efforts. If the Palestinian- 
Israeli agreement succeeds, Baldeé says, “I think that the societal impact 
is going to be big”. With proper facilities, e-waste recyclers will earn more 
money, and be protected from the toxins released by burning, he says. 

Even if it works well, the project in the Hebron Hills will not com- 
pletely solve the problem there, says Garb, although it will put a big 
dent in it. The blackened slopes around Beit Awwa and nearby villages 
show just how far he and his colleagues have to go in cleaning up the 
pollution. But here and there, a delicate purple wildflower or a green 
shoot pokes up amid the scattered phone cases and burned rocks — a 
sign of what could be. And the agreement over e-waste is a rare case of 
Israelis and Palestinians working together for a better future, says Garb, 
“to see beyond the politics of the moment to the long-term human and 
environmental significance”. = 


Josie Glausiusz is a science journalist in Israel. 
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Hong Kong offers subsidies and reduced berthing fees for ships that switch to low-sulfur fuel in its harbour. 


Four routes to better 


maritime governance 


Challenges in preventing pollution from ballast water highlight reforms 
needed in global shipping regulation, write Zheng Wan and colleagues. 


global trade — and thousands of unwel- 
come passengers. The ballast water that 
stabilizes marine vessels is the greatest source 
of harmful bacteria and invasive species in 
aquatic ecosystems. About 10 billion tonnes 
of ballast are transported globally each year, 
with 7,000 species carried onboard every day’. 
This is damaging marine biodiversity and 
public health. For example, the imported 


Se freight carries more than 90% of 


Chinese mitten crab (Eriocheir sinensis) is 
endangering native European and North 
American crayfish and salmon. Transported 
algae can seed blooms that smother or poi- 
son aquatic life, contaminate seafood and 
foul drinking water’. As the world’s shipping 
lanes expand into a warmer Arctic, invasive 
species will spread to waters that were previ- 
ously unreachable’. 

Managing ballast discharge requires 


1D 


worldwide legislation and enforcement. 
International shipping traverses the high 
seas, where there is no local jurisdiction. A 
vessel registered in one country can operate 
thousands of kilometres away. 

Global action has been slow. The 8 Septem- 
ber accession of Finland to the International 
Convention for the Control and Management 
of Ships’ Ballast Water and Sediments ended 
a 27-year slog to bring the treaty into force 
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> (see “Too little, too late’). With 52 members 
of the International Maritime Organization 
(IMO) signed up — crossing the threshold of 
more than 35% of the world’s shipping ton- 
nage — the treaty will finally come into force 
on 8 September 2017. After that date, any ship 
from a signatory state found to be violating 
the convention within regulated waters will 
be warned, fined or detained. 

This month, the IMO council meets in 
London to coordinate and plan the organi- 
zation’s activities. We argue that it must take 
a close look at the ballast-water convention, 
whose inadequacies highlight fundamental 
problems with international maritime gov- 
ernance. The lessons learned might steer 
other global environmental policies, from 
reductions in greenhouse-gas emissions to 
mitigating acoustic and light pollution. Going 
forward, the IMO should develop strategies to 
ensure that nations enter into its conventions 
promptly and to coordinate regional actions. 
It should establish market instruments to 
provide incentives and reform how maritime 
data are collected and used. 


THE PROBLEM 
The IMO’s ballast-water convention was 
shaped largely by polluters, not their victims. 
As of 1 January 2015, the top 35 ship-own- 
ing regions — including Greece, Japan and 
China — control almost 95% of the world’s 
shipping by tonnage. Yet more than 70% of 
their total capacity is registered under foreign 
flags, usually of nations with lower environ- 
mental standards (see “Tonnage top ter”). 
Some of the first nations to sign up to the 
convention were the Maldives, Spain and 


Nigeria, countries with strong interests in 
marine ecology but tiny fleets. Nations that 
are invested in the shipping industry have 
been lethargic. Panama, for example, which 
has more than 18% of the world’s registered 
tonnage, acceded to the convention only in 
October, owing to strong industry lobbying. 

A few nations have made individual efforts 
to limit ballast-water damage. Since 2001, 
Australia has prohibited trading ships from 
dumping foreign ballast water within its 
coastal limits. Incoming vessels must flush 
their tanks in the open ocean, and report and 
verify that they have 


done so. Brazil,Canada “Thelessons 
and Israel have similar learned 
measures’. mig ht steer 
The United States other global 
has gone further. It environmental 


requires that any for- policies. id 
eign ballast water 
dumped in its waters by commercial vessels 
must meet the IMO standards, but coastal 
states may set controls, too’. California has 
proposed the most stringent limit: no detect- 
able living organisms more than 50 micro- 
metres across. Because this is impossible to 
meet with current treatment technologies, 
this standard has been postponed until 2020. 
Such uncertainties and more rigorous test- 
ing by the US Coast Guard are slowing down 
the approval of ballast-water treatment sys- 
tems. As of the most recent listing in May 
2016, none of the 65 designs approved by the 
IMO had received US approval. Until some 
do, ships with IMO-approved systems may 
not comply with US standards. As an interim 
measure, by July, the US Coast Guard had 


TOO LITTLE, TOO LATE 


A decades -long crawl to global consensus 


In 1969, the World Health Organization 
(WHO) adopted rules for trade and travel to 
prevent the global spread of epidemics such 
as plague and cholera through ships and 
aircraft. 

In 1990, Canada and Australia put the 
issue of ballast water on the agenda of 
the International Maritime Organization 
(IMO) when they became concerned about 
invasions by Eurasian zebra mussels 
(Dreissena polymorpha) and Japanese 
dinoflagellates. The IMO issued a voluntary 
protocol suggesting that ships flush 
their ballast tanks 200 nautical miles 
(370 kilometres) from land. Few ship owners 
took notice. Following the 1992 United 
Nations Earth Summit and the adoption of 
the Convention on Biological Diversity, the 
IMO began to develop an internationally 
binding instrument. 

In 2004, the IMO adopted the 


International Convention for the Control 

and Management of Ships’ Ballast Water 
and Sediments. It includes a roadmap for 
signatories to phase out existing methods 
(such as tank flushing) in favour of stringent 
standards of water treatment — an upper 
limit to the permitted concentration of 
organisms that can remain in treated ballast 
water depending on ship type. 

For example: ships should discharge fewer 
than 10 viable organisms per cubic metre 
for organisms measuring 50 micrometres or 
larger, or 10 organisms per millilitre for those 
10-50 micrometres in size. Limits are also set 
on the numbers of specific microbes, such as 
Escherichia coli and intestinal enterococci. 

Ship owners must invest in water- 
cleansing equipment that filters large 
particles and kills organisms and 
pathogens by exposing them to ultraviolet 
light, ozone or chlorine. 
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listed 56 IMO-approved systems that can be 
used in its waters for a 5-year grace period. 

Meanwhile, the owners of 70,000 ships 
globally do not know what to invest in. Bal- 
last-water treatment equipment is expensive. 
It involves physical and chemical processes 
such as filters, chlorine, ozone or ultraviolet 
light. A unit can cost US$1 million, with adap- 
tation and maintenance costs on top. Early 
adapters will be penalized because they will 
have to pass on those costs to cargo owners. 

Naturally, the maritime industry prefers 
to wait and see. There is no economic incen- 
tive to do otherwise. Plus, many countries, 
especially developing ones, lack the technol- 
ogy to test the quality of ballast water and the 
capacity to punish those who flout the law. 

Risk assessments that would allow targeted 
solutions are missing. The consequences 
of invasive marine species vary between 
regions, and depend on traffic volume and 
ships’ ports of call°. Data are scant. We need 
to know which species live in particular ports 
or waters, how temperature and salinity influ- 
ence species’ survival elsewhere and where 
and how often vessels move. 

Emerging technologies could help, but 
are limited. For example, the Automatic 
Identification System publicly transmits a 
ship’s identity and position in real time to 
avoid collisions at sea’. But not all ships are 
equipped, and the system is prone to human 
error. Historical data are expensive for 
researchers to acquire because they are pro- 
vided by commercial vendors, and mainly to 
big shipping companies. 


THE FIX 

Implementing the following four reforms 
would improve global maritime governance 
and marine biodiversity conservation. 


Speed entry into force. The IMO should 
activate future conventions faster and more 
fairly. Lowering the minimum registered ton- 
nage limit would bring forward implemen- 
tation®. For example, had the ballast-water 
convention required coverage of at least 30%, 
rather than 35%, of the world’s shipping ton- 
nage, it would have been triggered in 2013 
by Germany’s accession (the 37th signa- 
tory). Increasing the minimum number of 
states to sign up at the same time would also 
rebalance voting weights and raise the priority 
of environmental protection over fleet size. 


Coordinate regional actions. The IMO 
should harmonize standards at least region- 
ally. It should provide technical assistance 
and guidance so that coordinated actions 
are constructive, coherent and well-admin- 
istered. Regional actions can have a wider 
influence and encourage more data-driven 
and evidence-based policies. For example, 
European Union regulations adopted in 2015 
that set out a legal framework for monitoring, 


SOURCE: UNCTAD REVIEW OF MARITIME TRANSPORT 2015 


TONNAGE TOP TEN 


Ship owners from ten regions control more than two-thirds of the weight carried by the 
world’s fleets. Two-fifths of this tonnage is ballast water, which contains marine organisms 
that are spread when discharged. Only three of these major shipping areas have so far* 
acceded to the 2004 International Maritime Organization (IMO) ballast-water management 


convention, which enters into force in 2017. 


Global ship ownership and carrying weights 


Owners in 10 regions 
account for 68% of the 
world’s dead-weight 
tonnage, which includes - 
cargo, fuel, fresh and 
ballast water, provisions, 
passengers and crew. 


Areas with most dead-weight tonnage 


National flag @ Foreign flag 


Greece 


Japan 


China 


Germany 


Singapore 


South Korea 


Hong Kong 


United States 


United Kingdom 


Norway 


100 


@ Top 10 regions 


World total 


® Signed up to ballast-water convention* 


Many ship owners register 
vessels under foreign ‘flags 
of convenience’ to lower 
costs or avoid regulations. 


Ships in US waters must 
meet IMO ballast-water 
standards, but no 
treatment systems have 
been approved formally. 


Tonnage (millions) 


Managing ballast water and the environment 


= Ballast water 
Other (Such as crew, fuel, cargo) 


40% 


Ballast water accounts for 
up to 40% of dead-weight 
tonnage. A tanker may 
pump it at rates of é 
5-20,000 cubic metres per 
hour to compensate for 
delivered cargo. 


reporting and verifying greenhouse-gas 
emissions from shipping have inspired the 
IMO to develop a similar policy. 


Develop market instruments. Today’s 
IMO conventions for pollution prevention 
and control are technology-oriented — they 
stipulate standards, but say little about how 
to fund or achieve those measures. Indus- 
tries need a mixture of technical standards 
and market instruments to provoke them to 
transform’. Incentives could include reduced 


Regions with 
.. interests in marine 
ecology such as the 
Maldives were 
30% of quick to sign up, 
171 IMO yet own few large 
members have ships. 
signed up* 


*As of 28 October 2016 


port-usage fees, priority access to port 
facilities and tax rebates for early adapters. 
For example, more than 12% of the vessels 
visiting Hong Kong since 2012 have switched 
to low-sulfur fuel while berthed, in exchange 
for lower port fees and subsidies. Developed 
countries should provide technical and 
funding aid for developing countries. 


Reform data usage. The IMO and regional 
maritime bureaucracies must improve 
how data are collected, shared and used. 


Developments in ship tracking, global- 
positioning sensors, the Internet of Things 
and ‘big data should be incorporated into 
models that predict maritime pollution. By 
analogy, Singapore's road-pricing scheme 
uses devices to detect cars and to debit fees, 
as well as big-data analytics to calculate the 
optimal toll for controlling traffic. 

Real-time data analyses would help ship 
operators and authorities to detect mal- 
functions in pollutant treatment systems 
(such as for sewage, garbage or gas emis- 
sions) more quickly, without inspections 
or business disruptions. The shipping 
industry will benefit from more-efficient 
operations and smarter decision-making 
on energy saving and pollution control. 

Governmental funding will be needed to 
set up platforms and protocols for data col- 
lection and sharing. But investments will be 
offset by savings from avoiding self-report- 
ing, which is labour-intensive, burdensome 
and unreliable. 

As the pace of global change and trade 
accelerates, we cannot afford to wait dec- 
ades to negotiate how to deal with each type 
of maritime pollution. = 
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A woman feeds her malnourished child in the Democratic Republic of the Congo. 


A new global research 
agenda for food 


Lawrence Haddad, Corinna Hawkes and colleagues propose ten ways 
to shift the focus from feeding people to nourishing them. 


round 57 of the 129 countries that 
Am data on undernutrition and 
obesity are struggling with both’. 
Everywhere, the consumption of vegetables, 
legumes, fish, nuts, seeds and fruits is much 
below that recommended by the World 
Health Organization (WHO). Mean- 
while, people are consuming too much fat, 
processed meat, salt and sugary drinks. 
Global food systems are failing to keep us 
all fed, let alone healthy. How food is grown, 
distributed, processed, marketed and sold 
determines which foods are available, afforda- 
ble and desirable. These factors havea crucial 
role in the quality of people’ diets, and hence 
play a vital part in health. 
Diet is the number one risk factor in the 
global burden of disease’. Poor diets are 


responsible for more of the global burden of 
ill health than sex, drugs, alcohol and tobacco 
combined. In the next few decades, food 
systems will be under further stresses from 
population and income growth, urbanization, 
globalization, climate change and increas- 
ingly scarce natural resources. 

Although 795 million people are under- 
nourished and lack essential vitamins and 
minerals’, obesity is behind many of the 
chronic diseases that are sweeping the globe, 
from type 2 diabetes to heart disease. One in 
three people is malnourished. Almost one- 
quarter of children under five have stunted 
growth, with diminished physical and cogni- 
tive capacities. Across Africa and Asia, the 
impact of undernutrition on gross domestic 
product is 11% annually’. At the same time, 
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2 billion adults worldwide — more than 1 in 4 
— are overweight or obese. 

This is not a problem that countries can 
overcome through growth or development. 
As economies expand, many social factors 
improve, but the quality of diets does not. 
Hunger and famine have fallen substan- 
tially, thanks to rapid poverty reduction and 
rising agricultural productivity. But progress 
remains too slowin many respects. Moreover, 
middle- and low-income countries are now 
following the well-worn, highly damaging 
path from undernutrition to obesity. 

The efforts required from the inter- 
national community are equivalent to those 
marshalled to tackle HIV/AIDS, malaria and 
smoking. In particular, urgent interdiscipli- 
nary research is needed to support concerted 


EDUARDO SOTERAS/AFP/GETTY 
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policy action. That is our conclusion 
from compiling a report commissioned by 
the Global Panel on Agriculture and Food 
Systems for Nutrition and published in 
September’. It includes a call to scientists, 
governments and donors to work out how 
to craft and sustain food systems to provide 
nutritious diets for all. 

As the United Nations Food and Agri- 
culture Organization (FAO) and the WHO 
meet to discuss the UN’s Decade of Action 
on Nutrition in Rome this week, researchers, 
governments, industry experts and funders 
must commit to meeting these challenges 
— which are inextricably knitted with the 
Sustainable Development Goals, especially 
goal 2 (zero hunger) and goal 3 (good health 
and well-being). Piecemeal action will not do: 
the trends are so large and interconnected that 
the entire food system needs overhauling. No 
single government ministry or sector ‘owns 
the quality of diets available to the consumer. 
The lack of well-defined public-sector respon- 
sibility in many countries is all too clear. 


TEN RESEARCH PRIORITIES 

Here we set out a new global research 
agenda for nutrition. It is aimed mainly at 
researchers, funders and governments, but 
has important messages for all stakeholders. 


Identify entry points for change. Food 
systems are dynamic; they comprise produc- 
tion, storage, transport and trade, processing, 
transformation and retail and the interactions 
between these. We need to understand how 
each part of the system can contribute in 
an integrated way to making high-quality 
diets more available, affordable and appeal- 
ing. For example, how can we reduce food 
spoilage in storage, minimize nutrient losses 
during transformation and improve food 
quality with minimal processing? Studies 
should involve multi-country and site- 
specific appraisals, qualitative research and 
mapping, and thorough analyses of value 
chains. Donors and funders should promote 
initiatives that are interdisciplinary, involve 
consumers and policymakers, and analyse 
which incentives cause actors in the food 
system to behave differently. 


Make more data on diets widely available. 
It is currently difficult to compare diets 
across cultures, geographies and time. This 
has hampered a global consensus on what 
constitutes a healthy diet. A pilot project 
— the FAO/WHO Global Individual Food 
consumption data Tool (FAO/WHO GIFT; 
see go.nature.com/faogift) — aims to answer 
some elements, but has too few resources 
to be truly effective. The project needs a 
larger team to collate many more national 
surveys and develop guidelines for future 
surveys. Other initiatives include the Global 
Dietary Database project and a proposed 


Farming on an industrial scale uses feedlots such as these near Yuma, Arizona. 


World Gallup Poll initiative to include 
questions on diet quality. Such efforts are 
poorly funded and piecemeal. What is 
needed are open-access portals for diet data, 
such as the WHO’ global database on child 
malnutrition. This incorporates hundreds of 
surveys of child heights and weights, and has 
proved invaluable for documenting progress 
and holding stakeholders accountable. 


Agree on what constitutes a healthy diet. 
People do not choose nutrients, they select 
combinations of foods in differing amounts. 
Pairings of single foods and diseases are the 
basis of risk-factor analysis in global burden 

studies, but tell us little 


“It is difficult about diets as a whole. 
to compare Although there are 
diets across studies on the value 
cultures, of, say, the Mediter- 
geographies ranean diet, there are 


few from low-income 
countries. And even 
the nutritional profile of many important 
indigenous foods remains poorly known. A 
better understanding of dose-response rela- 
tionships is needed. Is it better to eat a little 
of each food category frequently, or a large 
amount less often? Food researchers need 
to be more creative and research funders 
bolder in assessing the health implications of 
common combinations of foods. 


and time.” 


Tackle different forms of malnutrition 
simultaneously. Credible information on 
what works to reduce both undernutrition 
and obesity (and related diseases) is essen- 
tial if governments and industry are to scale 
up investments aimed at improving diets. 
Successful programmes that tackle under- 
nutrition tend to be on a small scale®. Evi- 
dence on how to address unhealthy diets 


associated with obesity are often population- 
based and thus harder to evaluate. There is 
analysis on the effect of interventions to 
improve the availability, affordability and 
appeal of food, such as taxes, school-food 
standards and nutrition labelling®. But the 
impact of these on population subgroups or 
on obesity is little studied. The most serious 
gap concerns interventions farther back in 
the food system, such as standards and new 
incentives for more-effective transport and 
retail of nutritious foods (see also ‘Identify 
entry points for change’). 


Understand the role of chain length. In 
‘short-chain’ models, food passes directly 
from those who grow or rear it to those who 
eat it, such as in subsistence-farming contexts, 
at farmers’ markets, or where school-meals 
programmes source food from family farms. 
In ‘long-chain’ systems, foods travel great dis- 
tances or go through multiple transactions to 
reach consumers. What combination of these 
systems ensures high-quality diets — enough 
of the right kind of food at the right price, for 
all? Research must probe sustainability con- 
cerns, such as how to reduce food waste and 
greenhouse-gas emissions, and investigate 
the social and economic benefits of different 
types of system (see also ‘Fix metrics’). 


Analyse business incentives. Apart from 
consumers, the most numerous stakeholders 
in global food systems are private entities — 
from farmers to food processors, wholesalers 
and retailers. In 2015, just 4 of the top 25 food 
and drinks firms made one-third of the total 
sales. Thus, the private sector could help to 
tilt food systems towards higher-quality diets, 
and could respond innovatively to targets and 
regulations. We need to understand what 
incentives will tip these levers ina healthier > 
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> direction. We need better mechanisms for 
public-private dialogue to shape and imple- 
ment research priorities. Collaborations 
between competitors during the early devel- 
opment of commercial products could shift 
sectors collectively and overcome disincen- 
tives for single firms to act in isolation. One 
such example hosted by the Global Alliance 
for Improved Nutrition is a programme called 
Business Platform for Nutritious Research, 
which seeks to substantially increase business 
investments in nutritious products and ser- 
vices by addressing evidence gaps that limit 
companies’ willingness and ability to make 
such investments. To strengthen account- 
ability, research is needed on which public— 
private partnerships improve diets most. Such 
research exists in the health field’. 


Account for climate. Global warming will 
affect the availability of different foods from 
land and sea, and their nutritional value. Diet 
changes will also drive significant shifts in 
land and water use and in greenhouse-gas 
emissions*. How might diversification of local 
food systems address agricultural resilience 
and nutritional diversity? The consumption 
of some of the most micronutrient-dense 
foods — including fruits, vegetables and ani- 
mal proteins — must be increased in poor 
communities, but such foods place substan- 
tial demands on environmental resources. 
Research on less-polluting production of 
these, in the context of rapidly changing 
livestock systems, is crucial. Research could 
also identify ways of achieving big wins for 
environments and diets. Evidence suggests, 
for instance, that the adoption of WHO guid- 
ance on healthy diets could reduce global 
mortality by 6-10% and food-related green- 
house-gas emissions by 29-70% compared 
with a reference scenario in 2050 (ref. 9). 


Study supply and demand. The avail- 
ability of food is influenced by consumer 
preferences, relative prices and supply. Pro- 
cessed foods and sugar-laden beverages are 
found in remote areas of Nepal and Ethio- 
pia; a choice of vegetables, fruits and fish is 
not. In part, this is because investment in 
improving the production and availability 
of agricultural commodities has for decades 
been focused on a small number of cereals. 
Funding in global public-sector research 
institutions is still focused mostly on rice, 
wheat, maize (corn) and other grains. About 
45% of private-sector agricultural research 
investment is on maize’’. Public and private 
research on neglected nutritious commodi- 
ties — including fruits and vegetables such 
as mangoes, carrots and spinach, pulses such 
as lentils, fish products and seeds and nuts — 
needs to increase with a focus on their yield 
and resilience to pests, diseases and climate 
change. This is an important message for 
the global research community, broadly led 


by the Consultative Group on International 
Agricultural Research (CGIAR). Donors 
should support the CGIAR’s 2014 com- 
mitment to mainstreaming nutrition in all 
crop-breeding programmes, and its attempts 
to direct more research to healthy agricul- 
ture and food systems. Promoting supply 
has to be coupled with promoting demand. 
More research is needed to educate, inform 
and encourage consumers to make positive 
choices for healthful diets — in low- and 
high-income settings. 


Identify the economic levers for change. 
Every US$1 spent on successful nutrition 
programmes offers roughly $16 of benefits '. 
But we do not know enough about where in 
the food system we should invest in any one 
policy, regulation or programme to generate 


the largest net pay- 
“More research offs. Policymakers 
is needed to in many countries, 
encourage including Indone- 
consumers to sia, Rwanda and 
make positive Peru, are calling for 
choices for such evidence. The 


healthful diets.” 


economic gains 
from improving 
the food system and diet quality must be 
calculated for different sectors and sub-sys- 
tems under various scenarios — increased 
demand, climate change, industry innovation 
and shifts in consumer preferences. 


Fix metrics. Raising diet quality through 
food systems cannot be at the expense of 
other Sustainable Development Goals. Calls 
to price the ‘real’ cost of water consump- 
tion or carbon production have promoted 
understanding of the economic externalities 
of individual and government choices. We 
need the same approach for diets (see Com- 
ment, page 33). We must be able to answer 
questions such as how the overall benefits 
and costs of consuming locally sourced 
fruits and vegetables compares with import- 
ing them. The relationship between health, 
energy use, water use and greenhouse-gas 
emissions involves trade-offs, but the variety 
of foods in each category means there is great 
scope for finding wins — if fine-grained 
analyses are done. 

We urgently need effective methods 
for measuring both the sustainability and 
nutritional value of diets. Current work on 
the carbon footprints of commodities should 
be extended to analyses of the whole food 
system. Also essential is transparent annual 
accounting of what countries are doing to 
improve different points in the food system 
and with what effect. There is a real oppor- 
tunity for the FAO, African, Asian and Latin 
American development banks and the 
World Bank to develop scorecards to track 
how nutrition-sensitive national urban and 
rural food systems are. 
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WHAT NOW? 

The era of commodity research aimed at 
feeding a starving world is over. A new era has 
begun that requires us to nourish everyone in 
ways that can be sustained environmentally, 
economically and culturally. Policymak- 
ers urgently need to recognize that diets are 
compromising economic productivity and 
well-being as never before. Delegates to the 
upcoming G20 and G7 meetings in 2017 
should take collective responsibility for fix- 
ing our failing food system. 

Funders who support agriculture and 
nutrition research must focus much more of 
their resources accordingly, doubling their 
current allocations to more-nutritious food 
systems by 2020. Scholars and journals must 
become more pluralistic in the methods and 
approaches that they support. We can only fix 
problems in our food systems if we diagnose 
them correctly. If we do not, the world’s future 
health and economic problems will be very 
much greater than they are today. = 
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Fix food metrics 


For sustainable, equitable nutrition we must count the true global costs and benefits 
of food production, urge Pavan Sukhdev, Peter May and Alexander Miller. 


urrent patterns of crop and livestock 

production and of processing, trans- 

port and consumption, are not deliv- 
ering healthy, nutritious food to society. 
They are generating large and unacceptable 
impacts on the environment and on vulner- 
able populations. 

Food systems are now the source of 60% 
of terrestrial biodiversity loss, 24% of green- 
house-gas emissions, 33% of soil degradation 
and 61% of the depletion of commercial fish 
stocks’. And the increasing homogenization 
of food sources worldwide is narrowing the 
genetic diversity in animals and plants that 
is crucial to secure human nutritional needs 
against climatic and other changes. 

Food systems are undermining human 
health all over the world, by permitting, 
or even promoting, inappropriate diets or 
unsafe foods. As the Global Nutrition Report, 
released this September puts it: “Diet is now 
the number-one risk factor for the global 
burden of disease”. 


Around 800 million people in developing 
countries consume less than the 2,100 kilo- 
calories per day recommended by the World 
Food Programme’ because of failures in 
access and distribution. At the same time, 
1.9 billion people in the developed world 
take in more than 3,000 kilocalories per day*. 
As processed foods high in fat and carbohy- 
drates come to dominate, even in develop- 
ing nations, “the number of children under 
5 who are overweight is approaching the 
number who suffer from wasting”’. 

Yet agriculture employs around 1.3 billion 
people. Around 1 billion work on small 
farms’ (less than 2 hectares). Admittedly, 
their working conditions could mostly not 
be rated as ‘decent’ by the International Labor 
Organization's definition, but what are the 
chances that society could provide alternative 
employment to these people if their 500 mil- 
lion small farms gave way to concentrated, 
large-scale and highly mechanized agribusi- 
ness? The world is already short of about 200 


million jobs®, and major industries such as 
steel and car making employ only 6 million 
and 9 million people worldwide, respectively. 
Small-scale agriculture provides subsist- 
ence, employment and most of the food 
directly consumed by urban residents 
throughout the developing world. It also 
ensures that rural landscapes are conserved 
as a touchstone for cultural identity. 
Current metrics for agricultural perfor- 
mance do not recognize or account for any 
of these costs or benefits. The emphasis on 
yields or profits per hectare is as reductive 
and distorting as is gross domestic prod- 
uct, with its disregard for social and natural 
capital. Food metrics must be urgently over- 
hauled or the United Nations’ Sustainable 
Development Goals will never be achieved. 


HOLISTIC EVALUATION 

We contend that a sustainable food system 
has three key attributes. It should deliver 
adequate nutrition and health across all 
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levels of income and societal development. 
It should avoid significant negative eco- 
logical and environmental impacts. And 
it should ensure equitable access to land, 
water, inputs (such as seeds and fertilizer) 
and technical and financial assistance 
for the roughly 1 billion people who still 
depend on small farms for their livelihoods. 

To achieve this, policymakers, research- 
ers and citizens need more reliable and inte- 
grated information on the hidden costs and 
benefits — the ‘externalities’ — of the whole 
agrifood system, not just parts of it. Anew 
project that aims to deliver such informa- 
tion was launched in October 2016 by The 
Economics of Ecosystems and Biodiversity 
(TEEB), a network of organizations that we 
are involved with. Called TEEB for Agricul- 
ture and Food (TEEBAgriFood), the project 
will attempt to provide a framework for a 
holistic evaluation. 

Take, for example, maize (corn). The 
trend is to convert much of what is (over-) 
produced into starch and sugar. In conven- 
tional agricultural analysis, the improve- 
ments in yield per hectare per year in 
intensive maize-production systems are 
usually presented as the main indicator 
of success. More maize for fewer dollars 
up-front is also considered an important 
contribution to food security. 

Of course it isn’t that simple. TEEB- 
AgriFood has analysed three different 
maize-production systems (intensive 
industrial, organic and traditional), looked 
at how the product of these different systems 
is used, and charted their impacts on eco- 
systems, biodiversity and human health. For 
example, increased production of maize in 
industrial systems has a clear link (through 
lower prices for high-fructose corn syrup) to 
the increased use of maize-based sweeteners 
in soft drinks, a significant driver of obesity 
and diabetes. According to the World Health 
Organization, the global costs of type 2 dia- 
betes are more than US$850 billion per year. 

To evaluate maize holistically we should 
account for its market price, its contribution 
to health costs, the environmental impacts 
of increased greenhouse-gas emissions from 
mechanized farming and transport, and 
the impacts of fertilizer use on aquatic life. 
TEEBAgriFood hopes eventually to make all 
these links visible. 


POLICY PROBLEMS 

We have conducted other initial evaluations 
and policy analyses for agricultural systems 
producing rice, palm oil, livestock (includ- 
ing beef and dairy cattle, and also meat 
from chicken and pigs), inland fisheries 
and agroforestry systems. In each case, we 
have found the same sorts of policy failure, 
and problems with food security and nutri- 
tional quality. These problems cut across 
current commodity-production systems 


at different scales — from smallholder to 
corporate farming — and along different 
commodity chains. 

For example, significant costs are associ- 
ated with the expansion of oil-palm planta- 
tions into tropical rainforests in Indonesia. 
This sometimes entails the draining of 
peatlands, which can then catch fire. The 
resulting health risks from air pollution 
are severe, especially for children and older 
people. According to the World Bank’, the 
disruption to economic activity in 2015 
alone cost the Indonesian economy an esti- 
mated $16 billion — more than the annual 
country-wide value added by palm oil. 

Similarly, the externalities of soya bean 
production in tropical rainforests in the 
Brazilian Amazon were so damaging that 
they led to a boycott and the develop- 
ment of a certification scheme. In 2006, 
the Brazilian soya 
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organizations served 
as watchdogs to the 
spread of clearances. Supportive purchase 
policies by traders in Europe stimulated 
buyers to accept only rainforest-certified 
soya beans. Deforestation directly related 
to soya bean production has all but ceased 
(see go.nature.com/2gdrcqw). 

We have found that there is a great deal of 
knowledge about the ways in which foods 
are produced and the inputs they demand. 
There is much less information about the 
impacts of these value chains on the envi- 
ronment and on social groups. Furthermore, 
our studies have generally not touched on 
what happens to these products once they 
leave the farm gate. TEEBAgriFood and 
others need to probe the relative impacts 
of different transport and processing path- 
ways, and how options for food disposal 
at each stage of the supply chain and after 
consumption affect the human footprint on 
the planet. And more work is needed on the 
health risks of components of these food 
systems. 

Other pressing questions need to be 
addressed by the TEEBAgriFood study and 
similar explorations. How can we escape 
our massive dependence on fossil fuels to 
produce nitrogen fertilizer and how could 
we enhance the natural nitrogen cycle? 
How could cattle feed be altered to reduce 
methane production from livestock with- 
out putting undue stress on land needed for 
food crops? How can we increase fish pro- 
tein in the diet without exhausting ocean 
stocks and endangering inland aquatic 
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ecosystems? These and many other related 
questions must be looked at in a systemic, 
integrated way. 


WHAT NEXT? 

These information gaps need plugging if we 
are to make the transition to sustainable agri- 
food systems that nourish, provide energy, 
damage neither health nor environment, 
and support equitable access to resources. 
Extending the initial TEEBAgriFood evalua- 
tions will require the synthesis of a vast body 
of experience and learning from numerous 
practitioners in policy, farming and agri- 
business. We hope to engage this wider 
community starting now through a call for 
interest to authors over the next two years 
(see go.nature.com/2frwqih). 

To catalyse further research by others we 
will publish a series of studies that aim to 
explain and quantify the externalities associ- 
ated with food systems and what can be done 
to reform them. To shift perspectives among 
consumers, business leaders and policymak- 
ers, we plan a raft of engagement exercises. 

We call on researchers and practitioners 
who are as concerned as we are about the 
failings of today’s agri-food systems to help 
us evaluate the alternatives. Our common 
goal should be to deliver safe and nutritious 
food to all, while respecting the communi- 
ties and the fragile lands that nurture much 
of what we eat. = 
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The Barker Library at the Massachusetts Institute of Technology in Cambridge, seen in the 1930s. Changing habits are affecting publishers. 


University presses adapt 


Roger Schonfeld analyses how the sector’s scientific books are faring in the 


digitized, open-access era. 


niversity presses, those venerated 
| | producers of books (and journals), 
face pressures as never before. 
Digital access and changing acquisition 
patterns at libraries have disrupted the 
presses’ traditional businesses, and they are 
meeting the challenges in different ways. 
Some are experimenting, some seeking shel- 
ter by joining with their academic libraries, 
and some maintaining impressive resilience. 
Others struggle to survive. Meanwhile, some 
presses retain healthy print-driven scientific 
books businesses, and are content to main- 
tain them — as long as print books thrive. 
The presses of the UK universities of 
Cambridge and Oxford, established in 
the sixteenth century, are respectively the 
world’s oldest and largest university pub- 
lishing houses. The dozens of US members 
of the Association of American University 
Presses are comparatively young — Johns 


Hopkins University Press in Baltimore, 
Maryland, is 138 years old and the MIT 
Press in Cambridge, Massachusetts, 84. But 
their immense reputations are no guarantee 
against upset. Recent years have brought 
reorganization and lay-offs at Cambridge 
and Oxford, and several US institutions 
(including the University of Missouri in 
Columbia) have tried to shut their presses. 
In the face of disruptions to and con- 
solidation of scientific publishing in recent 
decades, some presses have carved out an 
important space in scientific book publish- 
ing. They have fostered key lists and promis- 
ing authors in the natural and social sciences 
for a focused but not exclusively academic 
audience — unlike the big commercial pub- 
lishers of popular science books, such as 
Penguin Random House in New York City, 
which concentrate on the mass market. And 
books remain among the most important 


translational tools for science. They bring a 
scholarly examination to a public eager to 
know more about ‘hot-buttor’ research areas 
such as climate change, the potential of exo- 
planets, socio-economic inequality, artificial 
intelligence and genetics. 

Academic book publishing rests on three 
pillars: the traditional formats of textbooks, 
monographs and general-interest titles. The 
latter are aimed at natural and social scien- 
tists in other fields, graduate students and lay 
readers. All are undergoing change. 

With their high production values, prices 
and profits, undergraduate textbooks are 
still big business for firms such as Pearson 
in Cambridge, UK. For more than a dec- 
ade, many have been more than just a book: 
they include access to online environments 
offering instructor notes, quizzes, tests and 
more. As publishers add multimedia access, 
interactive instructional modules and > 
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> other bolt-ons, this demands a new level 
of capital investment. 

Universities and funders are mounting 
renewed efforts to compete with these busi- 
nesses through open educational resources 
such as Open SUNY Textbooks at the State 
University of New York. Increasingly, text- 
books follow a different trajectory from 
monographs and trade titles; their future is 
tied up with the delivery of digital instruction. 

Meanwhile, monographs — relatively 
brief, expensive, sparsely edited and simply 
designed formats for original research — 
are aimed mainly at small peer readerships, 
often to enhance the author’s chances of 
tenure or promotion. For stand-alone titles, 
sales (targeted almost exclusively at institu- 
tions) rarely exceed 500 and have declined 
as cash-strapped libraries shift resources. So 
scientific monographs are increasingly sold in 
series, such as the Princeton Series in Modern 
Observational Astronomy at Princeton Uni- 
versity Press in New Jersey, or in partnership 
with a learned society — Cambridge Univer- 
sity Press’s Econometric Society Monographs, 
for example. The ‘series’ strategy enhances 
specific fields of strength; by putting ‘more 
wood behind fewer arrows, the presses can 
leverage editorial expertise, author lists and 
reviewer relationships. 

The third pillar — the general-interest, or 
academic trade book — is acase apart. These 
are “written with ambition to impress a wider 
readership beyond the tenure committee’, 
explains Chris Harrison, publishing director 
at Cambridge University Press. Their authors, 
he adds, may be researchers “frustrated by 
the limits of the journal article as a format for 
communication who now want to join the 
dots and tell a bigger story”. 

These books translate a concept, idea or 
methodology and open up the scholarly lit- 
erature. Notes Amy Brand, director of MIT 
Press: “There is a sweet spot for academic 
publishers in the trade space — capturing and 
valuing the complexity of the work yet not 
having to write for an eight-year-old, respect- 
ing the intelligence of the general reader.” 


TRADING PLACES 
Some publishers may view these as works for 
the generalist, but Peter Dougherty, director 
of Princeton University Press, sees a more 
specific objective. “We are trying to reach 
a broad cross-section of scholars, begin- 
ning with those in the author's own field and 
moving into contiguous fields.” These would 
once have been published by trade houses, 
but as commercial publishers have focused 
on higher-selling titles, academic trade books 
have become an opportunity for university 
presses. A small group of presses, including 
Cambridge and Princeton, have developed a 
substantial business in these books, but they 
can demand a lot from the publisher. 

The authors with the most well-honed 
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Publishers strive for a share of the market at the London Book Fair. 


concepts often compete for five-figure 
advances — unaffordable for smaller presses. 
Substantial developmental editing, to frame 
them accessibly without sacrificing their 
scholarly underpinnings, is often offered. 
Publicists work with the news media as well 
as science journals: publishers hope “for 
reviews not only in The Times Literary Sup- 
plement, but also in the broadsheets’, says 
Sophie Goldsworthy, Oxford University 
Press’s editorial director for academic and 

trade books. These 


“Almost books are generally 
everything expected to sell any- 
we publish where from 1,500 to 
gets pirated. 5,000 copies, with 
In one sense, the exceptional case 
everything is — such as economist 


Thomas Piketty’s 
Capital in the Twenty- 
First Century (Belknap/Harvard, 2014) — 
selling in the millions. E-books have yet 
to match print books in revenue or unit 
volume. 

Broad changes may shift the traditional 
publishing structure. University presses and 
other academic publishing houses have long 
managed separate businesses for books and 
journals. Now, in a move towards flexibility 
in formats, several, including the University 
of California Press in Oakland, California, 
are strengthening connections to build an 
overall publishing strategy — or merging 
these departments completely. Cambridge 
delivers its journals and books through a 
single website, enabling readers of one format 
to discover products in the other and allowing 
innovation at a product level. 

But such radical change in production and 
distribution is not easy for academic houses. 
Elsevier and the other large commercial 
scientific-monograph publishers succeed 
because size offers considerable cost savings 


open-access.” 
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as they streamline production and distribu- 
tion. Such publishers have also established a 
business model increasingly decoupled from 
sales for an individual book. Starting with 
Springer (now Springer Nature, owners of this 
journal) a decade ago, they moved to a bun- 
dled-subscription model for academic librar- 
ies. Readers like this model because large 
quantities of books are available in usable 
formats such as PDFs, rather than restricted 
digital-rights-management formats. Publish- 
ers like it too, because it eases sales to libraries. 


TRANSITION AND TRADE-OFF 

All academic publishers have begun to make 
their books available for digital sale, both 
through Amazon’s Kindle platform and to 
academic libraries. Smaller presses are more 
likely to sell to libraries through third-party 
aggregators such as EBSCO, Project MUSE, 
ProQuest and JSTOR (I work for Ithaka 
S+R, whose parent firm operates JSTOR). 
Several use platforms based on technology 
from HighWire, Silverchair and Atypon 
(acquired this year by publisher Wiley of 
Hoboken, New Jersey). 

Others have taken steps to develop or 
operate their own platforms, supplementing 
or supplanting these other approaches. It is 
a way of being “a little more self-directed’, as 
Brand puts it, and enables greater product 
differentiation and format innovation. 

Some efforts to develop new formats are 
under way. Cambridge has introduced con- 
cise, updatable treatments called Elements. 
The University of California Press has 
debuted Luminos, an open-access publi- 
cation programme that allows options for 
multimedia, live links and annotation to be 
added to its digital versions. And platforms 
such as Project MUSE are planning to reach 
back to authors to experiment with even 
greater format flexibility. 


ANTONIO PAGANO/ALAMY LIVE NEWS 


Common themes emerge when academic 
publishers talk of pressures and opportuni- 
ties. As Brand notes, digitized content is 
ever-harder to control. “Almost everything 
we publish gets pirated one way or another. 
In one sense, everything is open-access,’ she 
says. Some publishers are fighting this with 
lawsuits and authentication technology, but 
others embrace open access. In addition 
to open-access monograph models avail- 
able through Luminos, MUSE and JSTOR, a 
handful of open-access presses have launched 
in the past five years, including Amherst Col- 
lege Press in Massachusetts and UCL Press in 
London. Third-party efforts such as Knowl- 
edge Unlatched in Berlin syndicate open 
access across a group of subscribing libraries. 

Of greater concern are ‘evidence-based 
acquisition’ models. In these, a researcher 
identifies a desired book; only at the point of 
initial access is some fee charged to the library. 
Sales cannot be taken for granted and “every 
book really needs to sing for its supper now’, 
says Goldsworthy, emphasizing that Oxford 
University Press does not make publishing 
decisions on the basis of anticipated return 
for individual titles. Scholarly publishers take 
comfort that the high quality of their content 
will provide some immunity against sales 
declines, but many still express concerns that 
these models will have an impact over time. 

Recent decades have seen a re-sorting of 
publishers for natural- and social-science 
books. Some have become expert in build- 
ing a new business around book publish- 
ing, having transitioned from print to 
digital. They are pursuing subscription- 
like bundles and open-access models as 
alternatives to declining library resources for 
book purchases, and are investing in digital 
platforms and developing new formats for 
scholarly communication. 

Others are returning to fundamentals. Says 
Dougherty: “We're good at taking interesting 
and important books by scholars and fram- 
ing and packaging them well for the broader 
market that we are trying to reach.” With 
this approach, some university presses have 
meaningfully advanced public understanding 
of scholarship while also achieving business 
success. 

But their path ahead is unclear: should 
reading practices for these materials transi- 
tion entirely to electronic formats, there will 
bea substantial reconfiguration as print sales 
dry up. Over time, issues to do with busi- 
ness models, distribution and scale are likely 
to emerge as real dilemmas for this small 
number of presses, and the very important 
translational books that they publish. = 
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Books in brief 


Dangerous Years 

David W. Orr YALE UNIVERSITY PRESS (2016) 

How will we survive the damaging impacts of our high-throughput, 
extractive economy? Environmental thinker David Orr delivers a 
finely pointed analysis, ranging over sociopolitical norms and the 
ethical consciousness needed to transform them. Transitioning to a 
“sustainable democracy” will demand that we up the ante in areas 
such as community engagement, science and governance. The shift 
must be holistic because we are losing the race with technological 
advance — and, as he notes, “Everything has changed but our 
manner of thinking, which remains tribal, insular and myopic.” 


Void: The Strange Physics of Nothing 

James Owen Weatherall YALE UNIVERSITY PRESS (2016) 

This exploration of empty space — “much ado about nothing”, as 
philosopher of science James Owen Weatherall has it — is a model 
of concision. On his tour of physics’s ‘greatest hits’, Weatherall 
begins with Isaac Newton’s vision of space as nothingness extending 
in all directions. He then moves through the “aetherial substance” 

of James Clerk Maxwell, Albert Einstein’s general theory of relativity 
(which posits a rich structure in space-time), quantum theory (which 
suggests that the vacuum is a state of matter) and string theory 
(which is riddled with vacuums). An ode to the plenty of nothing. 


A Most Improbable Journey: A Big History of Our Planet and Ourselves 
Walter Alvarez W. W. NORTON (2016) 

It’s likely that a ‘big history’ tracing the evolution of the Universe 

and all life sits on a bookshelf near you. Geologist Walter Alvarez 

joins in with this engaging, yet improbably brief, slalom through the 
science. Alvarez, who co-originated the impact theory of dinosaur 
extinction, hinges his primer on contingencies — unpredictable 
formative cosmic or biological events — and original perspectives. So 
his discussion of cosmic expansion features Milton Humason rather 
than co-discoverer Edwin Hubble, whereas his passage on Earth’s 
formation emphasizes how the planet “makes resources useful”. 


DANCE 
TUNE 
LIFE 


DENIS Nogie 


Dance to the Tune of Life: Biological Relativity 

Denis Noble CAMBRIDGE UNIVERSITY PRESS (2016) 

In this audacious riposte to neo-Darwinism and the ‘selfish gene’, 
systems biologist Denis Noble casts life as emerging from biological 
processes that operate at various scales and levels. Genes, cells, 
tissues, organs and organ systems ‘dance’ to the tune of the 
organism-orchestra. From this he derives his principle of biological 
relativity: that organisms are “multi-level, open stochastic systems” 
in which behaviour at all levels is causatively complex. Noble’s 
narrative is sweeping, covering everything from cosmology and 
Einstein’s theories of relativity to symbiogenesis and epigenetics. 


Against Empathy: The Case for Rational Compassion 

Paul Bloom Ecco (2016) 

Psychologist and seasoned writer Paul Bloom presents a contrarian 
characterization of empathy — defined as the ability to feel what you 
believe others feel — as a wolf in sheep’s clothing. Bloom argues that 
although it may be seen by some as a “magic bullet of morality”, 
empathy is actually biased and short-sighted, and can corrode 
relationships and spark violence. He argues instead for a rational 
compassion decoupled from the intense shared emotionality of 
empathy. A nuanced foray into some fraught grey areas. Barbara Kiser 
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Correspondence 


‘Tree of life’ took 
root 150 years ago 


As thousands of scientists and 
policymakers gather in Mexico 
this month for the COP13 
summit on biodiversity (see www. 
cbd.int/cop2016), we should take 
a moment to celebrate the earliest 
‘tree of life’ model of biodiversity. 

Charles Darwin published 
the idea of a tree of life in On the 
Origin of Species in 1859. Seven 
years later, German zoologist 
Ernst Haeckel painstakingly drew 
up a much more comprehensive 
tree (pictured). This represented 
Earth's wealth of species in the 
context of evolution — a concept 
he dubbed phylogeny (General 
Morphology of Organisms; 1866). 

The root of the tree symbolizes 
a common primordial ancestor 
from which all other forms 
emerged. Haeckel developed 
his tree over almost 1,000 pages, 
basing it on palaeontological, 
embryological and systemic 
data — a precursor to modern 
biology’s phylogenetic trees. 

He also coined the term 
ecology (‘oecologie’), describing 
it as “the whole science of the 
relations of the organism to the 
environment including, in the 
broad sense, all the ‘conditions of 
existence”. 

Haeckel’s ideas were harbingers 
for discoveries such as that by 
ecologist Santiago Soliveres and 
colleagues, who demonstrated 
that ecosystem multifunctionality 
depends on high species richness 
(Nature 536, 456-459; 2016). 
Uwe Hossfeld, Georgy S. Levit 
Friedrich Schiller University, Jena, 
Germany; and ITMO University, 
St Petersburg, Russia. 
gslevit@corp.ifmo.ru 


Conservation: smart 
advocacy needs data 


We agree that data alone will 
not save species (A. M. Ellison 
Nature 538, 141; 2016). However, 
using data in combination with 
smart advocacy can make a 
difference. 

For example, ecologists 
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specializing in seabirds, fishes 
and coral reefs shared their data 
to show that protection of an 
area in the northwest Hawaiian 
Islands was scientifically justified. 
This evidence was required in 
order to use the US Antiquities 
Act to conserve the region. As 

a result, this became the world’s 
largest no-take protected area 
earlier this year. 

Contrary to Aaron Ellison's 
implication, some ecologists have 
been inspirational advocates 
for biodiversity. For example, 
biologist E. O. Wilson campaigns 
to protect half the planet (Half- 
Earth; Norton, 2016) and ecologist 
Daniel Janzen helped to save huge 
tracts of dry forest in Costa Rica 
(W. Allen Green Phoenix; Oxford 
Univ. Press, 2003). 
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More scientists need to be 
engaged with society and make 
the case for conservation — 
with good, compelling data in 
hand. None of us wants our 
publications to serve as pages in 
a wildlife obituary. 

Douglas J. McCauley, Francis 
H. Joyce University of California, 
Santa Barbara, USA. 

Jane Lubchenco Oregon State 


University, Corvallis, Oregon, USA. 


dmccauley@ucsb.edu 


Conservation: big 
data boost in China 


I disagree with Aaron Ellison's 
contention that biodiversity data 
only rarely drive conservation 


decisions (Nature 538, 141; 2016). 


In China, better data are guiding 
changes in conservation policies 
and on-the-ground actions. 

For instance, huge long-term 
data sets on species, ecosystems 
and human activities have 
enabled China to identify many 
priority conservation areas 
for protecting biodiversity 
and maintaining ecological 
security (R. Wu et al. PLoS ONE 
9, €103783; 2014). Intensive 
development is prohibited in 
these areas. 

Furthermore, a huge amount of 
data from hundreds of scientists 
are used by China’s Ministry of 
Environmental Protection to 
compile biodiversity ‘red lists’ 
(R. Wu Science 353, 657; 2016). 
And the systematic collection 
of more and better data is 
crucial to implementation of 
the government's nationwide 
‘Red Lines, which demarcate 
ecological conservation regions 
(see W. Sang and J.C. Axmacher 
Nature 531, 305; 2016). 
Ruidong Wu Yunnan University, 
Kunming, Yunnan, China. 
rdwu@ynu.edu.cn 


Conservation: thrive 
on slings and arrows 


Aaron Ellison rightly calls for 
conservation scientists to engage 
more actively in the political 
process (Nature 538, 141; 2016). 
Unfortunately, those doing so 
can become targets for physical 
and verbal threats, personal 
abuse, bullying and trolling on 
social media. 

As a conservation scientist, 
Ihave experienced many such 
reactions at first hand. I have 
been embroiled for more than 
30 years in the politics of native 
forest logging, tree-plantation 
expansion and culling of over- 
abundant native and exotic 
animals. Resilience against such 
attacks is underpinned by a drive 
to conduct and communicate 
high-quality science that 
contributes to the conservation 
and management of natural 
environments and biodiversity. 

Communicating good data 


ERNST HAECKEL (1834-1919)/WIKIMEDIA COMMONS 


and sound science to resource 
managers, policymakers 

and politicians is crucial for 
managing environmental 
resources and for reinforcing 
political decisions. Scientists 
need more training and 
mentoring in such skills — and 
in dealing with unwelcome 
fallout from lobbyists and the 
public. 

David Lindenmayer Australian 
National University, Canberra, 
Australia. 
david.lindenmayer@anu.edu.au 


Cities: factor in their 
biological impact 


Richard Forman and Jianguo Wu 
identify several zones around 
the world that might be suitable 
for future urbanization (Nature 
537, 608-611; 2016). We suggest 
that the problem of supporting 

a growing population needs to 
be considered from a biological 
as well as an urban-planning 
perspective: ‘suitable’ is not 
necessarily synonymous with 
‘biologically sustainable’ 

The authors propose that 
urbanization should avoid 
biodiversity hotspots — regions 
that are rich in endemic species 
and undergoing rapid habitat 
loss. But this would exclude 
highly biodiverse yet well- 
conserved areas, which also need 
environmental protection. 

Forman and Wu also call for 
global-scale planning. Until 
that is properly coordinated, 
governments should not view 
natural ecosystems as offering 
potential accommodation for 
the next billion people. Instead, 
they need to maximize land- 
use potential while minimizing 
its biological impact — for 
example, by improving cities 
and the surrounding lands that 
feed them, and by promoting 
biodiversity research and 
protection in conserved areas. 

We probably do not need more 
“suitable” land: we need to make 
sustainable and efficient use of 
the land we already live on. 
Alexandre Antonelli University 
of Gothenburg and Gothenburg 
Botanical Garden, Sweden. 
Allison Perrigo Forest Cat 
Editing, Uppsala, Sweden. 
alexandre.antonelli@bioenv.gu.se 


Cities: new fringes to 
act as safety nets 


Richard Forman and Jianguo Wu 
suggest that sustainable city 
expansion should be restricted 
to selected urban peripheries 
(Nature 537, 608-611; 2016). 
Our investigations across five 
Indian cities indicate that proper 
planning of such peri-urban 
areas is crucial. 

We define peri-urban areas 
as a 5-kilometre fringe of 
development beyond a city’s 
jurisdiction. The India Research 
Initiative for Peri- Urban 
Human-Animal-Environment 
Interface (see http://perimilk. 
phfi.org), funded by Canada’s 
International Development 
Research Centre, is examining 
the effects of expansion around 
Bangalore, Ludhiana, Guwahati, 
Bhubaneshwar and Udaipur on 
city dwellers. The populations 
and calculated decadal growth 
rates of these cities vary from 
8.44 million and 49% (Bangalore) 
to 0.45 million and 14% 
(Udaipur). 

Our findings indicate that poor 
farming practices across all of 
these peri-urban areas could put 
food safety at risk, promote the 
spread of tuberculosis and other 
zoonotic infections, and accelerate 
microbial resistance through 
antibiotic overuse in livestock 
(our unpublished results). Public 
health is further threatened by 
minimal access to proper health 
care and by inadequate waste- 
management systems. 

Without strict oversight, 
sound planning and investment 
in building infrastructure, peri- 
urban belts stand to aggravate 
many of the adverse effects of 
rapid urban growth. 

Pranab Chatterjee, Manish 
Kakkar Public Health Foundation 
of India, Gurgaon, India. 
Tamoghna Biswas Kolkata 
Medical College, Kolkata, India. 
manish.kakkar@phfi.org 


Trump: voters show 
importance of SDGs 


Many of the factors that 
contributed to Donald 
Trump's win in the 2016 US 
presidential election are those 
that make achievement of the 


CORRESPONDENCE MeuiviiiaNiy 


United Nations’ Sustainable 
Development Goals (SDGs) 

so pressing. Drawn up to end 
poverty (goal 1) and inequality 
(goal 10) and to ensure prosperity, 
among other aims, the tenet of the 
SDGs is to ‘leave no one behind. 

In the United States, rising 
inequality and increasing poverty 
have created a groundswell of 
the disenfranchised and the 
dispossessed. Health care (goal 3) 
and tertiary education (goal 4) are 
unaffordable for many. Decent 
work (goal 8) and industry 
(goal 9) are under threat from 
automation and globalization, 
leading to job losses, fuelling 
racism and driving up crime 
(counter to goal 11). Extreme 
weather events related to climate 
change are on the rise. 

All of this has created a potent 
cocktail of discontent that has 
manifested in anger towards the 
establishment. Yet I fear for most, 
ifnot all, of the SDGs under a 
Trump presidency. For example, 
he has vowed to undermine 
action against climate change 
(goal 13) and could jeopardize 
the development of clean energy 
(goal 7). He could put biodiversity 
at risk by making cuts to the 
Environmental Protection Agency 
(goals 14 and 15), and he seems to 
dismiss gender equality (goal 5). 
David Griggs Monash 
University, Clayton, Australia. 
dave.griggs@monash.edu 


Trump: offset 
fracking risks 


Unconventional gas extraction 
(‘fracking’) is likely to be central 
to the energy policy of president- 
elect Donald Trump. I urge the 
US Congress to tighten current 
regulations and strike a balance 
between energy independence 
and the safeguarding of public 
health and the environment 
(see also J.C. S. Long Nature 
539, 495; 2016). 

The shale-gas revolution has 
given the United States a security 
blanket for energy, ata cost to 
the environment and to health 
(see M. L. Finkel and J. Hays 
J. Epidemiol. Community Health 
70, 221-222; 2016). Several 
European countries and US states 
(including New York, Maryland 
and parts of California, Colorado 


and Texas) have therefore issued a 
moratorium on fracking. 

This means that the US energy- 
policy debate needs a strong 
public-health and environmental 
presence. Before drilling starts, 
itis crucial to collect baseline 
data to track any related increase 
in morbidity and mortality. 
During the extraction process, 
environmental monitoring will 
be needed to assess air pollution 
and its impact; and details of all 
chemicals used in the process 
must be disclosed. Flowback 
fluids should be properly 
disposed of to protect surface and 
groundwater. These safeguards 
will help to counter potential 
harm to human health and the 
environment. 

Madelon Finkel Weill Cornell 
Medical College, New York, USA. 
mfinkel404@aol.com 


Trump: polls right, 
models wrong 


Contrary to popular opinion, 

the polls were not wrong in last 
month’s US presidential election 
(see also Nature 539, 339; 2016). 
The most recent polls in each 
state predicted the outcome for 
individual states — but only when 
the 95% confidence interval lay 
outside the polling error. For 
those predictions with confidence 
intervals within the polling error, 
the results were uncertain. 

Many pollsters used predictive 
models to estimate probabilities. 
Permutations and models 
are reliable, however, only 
when projections capture the 
uncertainty of both the underlying 
data and the model itself. We 
cannot claim to make highly 
certain predictions from highly 
uncertain data. In this case, some 
models claimed a certainty of 99% 
even though 31% of the electoral- 
college vote was too close to call. 

We need to improve the way 
we explain uncertainty: uncertain 
data are not wrong, only 
uncertain. And we must become 
better consumers of models. 

The polls were right. The 
models were wrong. In this era of 
big data, we need to emphasize 
the distinction. 

Brandon Steelman Clear Gene, 
Moss Beach, California, USA. 
steelman@cleargenes.com 
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OBITUARY 


Susan Lee Lindquist 


(1949-2016) 


Biologist who found unexpected power in protein folding. 


profound ramifications of a process 

that most scientists had overlooked: 
protein folding. Through elegant experi- 
ments in yeast, plants, flies and human 
cells, Lindquist demonstrated how this pro- 
cess by which proteins adopt their proper 
shapes fuels evolution. It can buffer the 
effects of genetic variation, allow new traits 
to emerge and enable the rapid evolution of 
new adaptations. Her insights have paved 
the way for innovative strategies to treat 
diseases including Alzheimer’s, Parkinson's 
and cancer. 

Lindquist was a visionary who connected 
concepts across disparate disciplines. When 
her bold ideas were met with doubt, she 
persevered, gathering evidence until she 
changed biological thinking. Her positiv- 
ity and love for discovery were infectious. 

Lindquist, who died from cancer on 
27 October, was born in Chicago, Illinois, 
in 1949. Early on, she became enthralled by 
a teacher’s question: what is life? In search 
of answers, she studied microbiology at the 
University of Illinois Urbana-Champaign. 
She earned her PhD in molecular and 
cellular biology from Harvard University 
in Cambridge, Massachusetts, in 1976. 

It was at Harvard that she began studying 
how cells respond to heat and other stresses 
by producing heat-shock proteins (Hsps). 
After a brief postdoc at the University of 
Chicago, she joined the faculty there in 1978 
and became a full professor in 1988. In 2001, 
she moved to the Whitehead Institute for 
Biomedical Research at the Massachusetts 
Institute of Technology in Cambridge. She 
served as its director until 2004, and asa pro- 
fessor of biology from 2001 until her death. 

Lindquist focused on Hsp90. This abun- 
dant protein acts as a molecular chaperone, 
helping to fold many proteins important for 
cell signalling. She identified two surprising 
roles for Hsp90 in evolution. First, she found 
that Hsp90 could protect cell-signalling 
pathways from the effects of mutations in 
other proteins. If Hsp90 function was com- 
promised by environmental stress, genetic 
variants would fold differently and new traits 
would appear rapidly. Her striking experi- 
ments in plants, for example, revealed that 
inhibiting Hsp90 function could yield some 
beneficial phenotypes, including altered 
growth of stems and roots, and increased 
resistance to herbivores. 

Second, Lindquist established that Hsp90 


Sr Lee Lindquist revealed the 


can allow mutations that would otherwise 


result in an unstable protein to produce a 
functioning protein with a new phenotype. 
Both roles expand the repertoire of traits 
that can be selected through evolution. 
Lindquist demonstrated that these powerful 
mechanisms are probably universal across 
eukaryotes. 

Lindquist also shattered dogma about 
misfolded proteins associated with disease. 
She discovered that Hsp104 could wrest 
clumps of misfolded proteins apart and 
return them to their functional form. This 
finding led her to study prions. These infec- 
tious proteins cause normally folded proteins 
to assume self-replicating conformations that 
cause fatal neurodegenerative disorders such 
as Creutzfeldt-Jakob disease and scrapie. 

She was fond of saying that prions 
transmit perduring molecular memories. 
Ata time when prions were deemed merely 
disease-causing villains, she established that 
they can also confer beneficial functions, 
including antibiotic resistance and improved 
metabolism. Indeed, Lindquist helped to 
reveal how prions may function in long- 
term memories by stimulating translation 
at synapses. 

Beginning in the 1990s, Lindquist cham- 
pioned yeast as a model to probe both 
cancer and neurodegeneration. Scep- 
tics questioned (and still do) why anyone 
would try to study a brain disease in yeast. 
Undaunted, she developed a series of yeast 
models that express each of the major 
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human neurodegenerative disease proteins. 
As in the brain, these proteins formed 
aggregates and were toxic in yeast. She iden- 
tified yeast genes that reduced the toxicity 
of protein misfolding connected to Parkin- 
son’s disease and established that these same 
genes are protective in mice and rats. 

She co-founded two Cambridge compa- 
nies, FoldRx Pharmaceuticals (acquired by 
Pfizer in 2010) and Yumanity Therapeutics 
to uncover therapies for neurodegenera- 
tive diseases caused by protein misfolding. 
Her use of yeast in drug screening is now 
accepted practice. 

Researchers from diverse backgrounds — 
from physicists to physicians — wanted to 
work in Lindquist’s lab. Both of us pursued 
postdocs at the Whitehead after being 
inspired by seminars she gave at our gradu- 
ate institutions. One of us (J.S.) moved from 
the United Kingdom to the United States 
and the other (A.D.G.) shifted discipline to 
work with her. 

Sue believed that scientists had a moral 
obligation to address important societal 
problems. In her papers, she used language 
that was accessible to wide audiences. She 
was a nurturing mentor, inviting group 
members to her house on weekends to write 
manuscripts. We were fortunate to get to 
know her in this personal setting, interact- 
ing with her wonderful daughters and hus- 
band, and learning that it was possible to 
be a world-class scientist and have a family. 
Her unwavering commitment to promot- 
ing women in science is memorialized by 
the Whitehead Institute Fund to Encourage 
Women in Science. 

Somehow, Sue found time in her unre- 
lenting schedule to sit on the grass and 
watch her students and postdocs play 
soccer on Friday afternoons in Cambridge 
— always there to cheer us on. The world 
feels smaller without her. m 


James Shorter is associate professor 

of biochemistry and biophysics at the 
University of Pennsylvania, Philadelphia, 
Pennsylvania, USA. Aaron D. Gitler is 
associate professor of genetics at Stanford 
University, Stanford, California, USA. Both 
worked with Susan Lindquist in the 2000s 
as postdocs at the Whitehead Institute 
for Biomedical Research in Cambridge, 
Massachusetts. 

e-mails: jshorter@mail.med.upenn.edu, 
agitler@stanford.edu 
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BRIEF COMMUNICATIONS ARISING 


Consistency in large pharmacogenomic 


studies 


ARISING FROM B. Haibe-Kains et a/. Nature 504, 389-393 (2013); doi:10.1038/nature12831 


Haibe-Kains et al.' reported inconsistency between two large-scale 
pharmacogenomic studies—the Cancer Cell Line Encyclopedia 
(CCLE)? and the Cancer Genome Project (CGP)?. Upon careful 
analysis of the same data, we have come to quite different and much 
more positive conclusions. Here we highlight the most important 
reasons for this. There is a Reply to this Comment by Safikhani, Z. et al. 
Nature 540, http://dx.doi.org/10.1038/nature19839 (2016). 

To assess the concordance of two large studies of the efficacy of 
cancer drugs, Haibe-Kains et al.' compared the correlation in drug 
sensitivity measures with correlation in gene expression measured on 
the same human cancer cell lines. The authors reported correlation 
‘between cell lines for gene expression but, inconsistently, ‘across’ cell 
lines for drug sensitivity (see Methods). On re-analysis, we found much 
higher correlations between cell lines than across cell lines for both gene 
expression and drug sensitivity measures (median Spearman's rank 
correlation coefficient (r,) =0.88 between cell lines, r,; =0.56 across cell 
lines for expression; median r, = 0.62 between cell lines and r,=0.35 
across cell lines for area under the curve (AUC), a drug sensitivity 
measure). Thus, by correcting this inconsistency, the correlations for 
expression and drug sensitivity data were far more similar than was 
originally reported, which markedly undermines the authors’ interpre- 
tation of the relative quality of expression and drug sensitivity datasets. 

In addition, the fundamental issue is that the authors’ reported 
Spearman’s correlation coefficients do not fairly reflect the concord- 
ance of drug sensitivity between the studies, because of the lack of 
variability in drug response, which arises owing to the highly targeted 
nature of many of the drugs assessed. To see why correlation is not an 
appropriate measure of biological concordance for these data, consider 
the hypothetical example of a drug that is not effective against any 
cell lines, which is a possibility for an experimental drug. In such a 
case, the randomly fluctuating measurement error, which is inherent in 
biological assays, will dominate over the non-existent biological 
variability, meaning that there could be no expectation of correlation 
between repeated measures of drug sensitivity—assuming other experi- 
mental variables are held constant. In this study, many of the drugs were 
highly targeted agents, which by design require specific, and often rare, 
molecular targets for response (see Supplementary Table 1). Consider 
nilotinib, which targets the BCR-ABLI fusion gene and was suggested in 
ref. 1 to exhibit ‘poor consistency’ between CGP and CCLE (r,=0.1 for 
AUC). In CGP, BCR-ABLI status was reported to be strongly associated 
with drug sensitivity (P= 2.54 x 10~®), accurately reflecting the known 
biology. BCR-ABLI status was not reported by CCLE; however, upon 
re-analysis we identified three BCR-ABL1-positive cell lines among 
the 189 nilotinib-treated cell lines that overlapped CGP, and these were 
also the three most sensitive samples (P=9 x 10~”). Hence, despite 
the fact that these drug sensitivity data were accurately recapitulating 
biological expectations in both studies, the authors’ criteria classified 
nilotinib sensitivity incorrectly. Of the 577 cell lines screened in CGP, 
573 do not contain the nilotinib target, that is, the BCR-ABL1 fusion 
gene. Thus, given (as expected) no drug response in almost all cell 
lines screened (median AUC across all cell lines =0.99; AUC of 1 
represents no drug response; Fig. 1a, Supplementary Table 1), there was 
little biological variability across most of the cell lines, resulting in low 
correlation between the repeated measurements made by CCLE and 


CGP, despite clearly concordant results. Similarly, most other drugs 
that the authors compared were also targeted agents, meaning that this 
lack of drug response was common; for 10 of the 15 drugs, the median 
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Variance of AUC in CCLE 
Figure 1 | Limitations of using a correlation metric for the assessment 
of concordance between the CGP and CCLE drug sensitivity data. 
a, Highly targeted agents (such as nilotinib) highlight a major limitation of 
the test for concordance reported in ref. 1. Scatterplot shows the nilotinib 
AUC values (in CGP) for the 189 cell lines that were screened by both CGP 
and CCLE. Only a very small proportion of cell lines achieve a response, 
that is the three BCR-ABL1-positive cell lines highlighted in red. This almost 
complete lack of biological variability renders a Spearman correlation 
ineffective as a means to assess concordance. b, The test for concordance in 
ref. 1 is confounded by variability in the drug response. Scatterplot shows 
the strong association between ‘Spearman’s correlation of AUC between 
CCLE and CGP’ and ‘variance of AUC in CCLE. Drugs with a more variable 
AUC value are more likely to be highly correlated between CCLE and CGP 
(rs=0.83, P=1.9 x 10-4). The points have been colour coded by their 
variance of AUC in CGP, which is also significantly associated with both 
‘variance of AUC in CCLE and ‘Spearman's correlation of AUC between 
CCLE and CGP” o? CPG denotes the variance of AUC in CPG. 
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AUC was greater than 0.90 in CGP, and 8 of these 10 also have 
median AUC values greater than 0.9 in CCLE, resulting in little varia- 
bility across most cell lines when treated with these drugs. We identi- 
fied a systematic relationship between variability in drug response in 
either study and correlation between the two studies (Fig. 1b). A valid 
comparison of CGP and CCLE should consider the pharmacology of 
the drugs screened and in particular the differences in the variability 
induced by different drugs. Nilotinib was not an isolated case; despite 
the highly experimental nature of many of the compounds screened 
by CCLE and CGP, we still identified several expected associations 
that were consistently reported by both studies, including ERBB2 
for lapatinib*, NQO1 expression for 17-AAG°, BRAF mutation for 
PD-0325901 (ref. 6), AZD6244 (ref. 7), and PLX4720 (ref. 8), MDM2 
for nutlin-3a (ref. 9), and MET for crizotinib'° (Supplementary 
Table 1). Finally, the utility of these pharmacogenomic datasets is 
now further supported by the findings that models fit using data 
from CGP could reliably predict drug response in several clinical 
trials')!?, 

In summary, our analysis shows that the conclusions of Haibe-Kains 
et al.' are unsubstantiated, and we propose that a fair assessment of 
concordance between large pharmacogenomic datasets will require the 
development or adaptation of methods that account for the issues raised 
here, although great care will be required to ensure that such methods 
do not introduce their own unforeseen biases. 


Methods 
In CGP and CCLE, using ordered data common to both studies, gene expression 
and drug sensitivity (AUC) values can be arranged in m; x m and nz x m matrices, 
respectively, in which m is the number of cell lines, n, is the number of genes 
and nz is the number of drugs common to both studies. Correlations ‘between’ 
cell lines are calculated by the correlation of matching columns of CGP and 
CCLE matrices (vectors of length n, for expression or mz for AUC). Correlations 
‘across’ cell lines are the correlations of matching rows (vectors of length m for 
both data). 

To achieve easy reproduction of our results, we have made the source code for 
our analysis available in a GitHub repository (https://github.com/paulgeeleher/ 
nature_bca). 


Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper. 
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REPLYING TO P. Geeleher, E. R. Gamazon, C. Seoighe, N. J. Cox & R. S. Huang Nature 540, http://dx.doi.org/10.1038/nature19838 (2016) 


In the accompanying Comment', Geeleher et al. claim to have 
discovered overall consistency between the Cancer Genome Project 
(CGP) and the Cancer Cell Line Encyclopedia (CCLE)? by analysing 
the response of three cell lines containing the BCR-ABLI fusion gene 
to the highly targeted drug nilotinib (Supplementary Fig. 1). They use 
this example to argue that owing to the targeted nature of many of the 
15 drugs screened in both CGP and CCLE (Supplementary Table 1), 
the rest of the drugs should show consistent sensitivity measurements 
if analysis is limited to the highly sensitive cell lines. However, as we 
describe in more detail below, the consistency seen in the sensitivities 
of cell lines to nilotinib is an isolated example that does not generalize 
to other targeted drugs, supporting our initial finding* of a broader 
inconsistency in reported phenotypes between CGP and CCLE*. 
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Geeleher and colleagues! raise two potential issues with our 
published study* and we welcome the opportunity to address them 
here. First, in our initial study, we computed the correlation of gene 
expression and mutation profiles between cell lines to assess whether 
large transcriptomic changes and/or genetic drift might be the 
cause of the observed inconsistency in drug sensitivity data (which 
was calculated across cell lines)*. We agree with Geeleher et al.’ that 
correlations ‘across’ and ‘betweer cell lines should be compared in 
a consistent manner, as was done in our recent re-analysis study. 
We found that overall correlation across cell lines is lower than 
correlation between cell lines (Supplementary Fig. 2). However, gene 
expression data are significantly more concordant between studies 
than the drug response summary statistics (half-maximum inhibitory 
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concentration (ICs9) and area under the curve (AUC)) values in all 
comparisons (Wilcoxon rank sum test P < 0.002). Consequently, our 
original conclusion that gene expression data are significantly more 
correlated than pharmacological response data still holds. In fact, 
the lower correlation of gene expression values across cell lines could 
suggest that there is even less consistency between the CCLE and CGP 
studies than we initially reported. 

Second, the argument of Geeleher et al.' that the lack of variability in 
drug sensitivity measurements may complicate biologically meaningful 
assessment of concordance between pharmacogenomic datasets is not 
new, as it was already discussed by our group” and others®’. Geeleher 
et al.! focus on the sole example of nilotinib, for which there are three 
highly sensitive cell lines out of the 200 cell lines screened in both 
datasets. However, even among these three cell lines, the AUC values 
are not concordant; the least sensitive of the three cell lines in CGP is 
actually the most sensitive one in CCLE (Supplementary Fig. 1 and 
Supplementary Information). Therefore, the only way to consider these 
results to be concordant is to classify these three cell lines as sensitive 
and the remainder as resistant, which cannot easily be done using the 
waterfall method described in the CCLE study**. 

The authors claim that nilotinib is not an isolated example, but 
do not seem to propose any statistic to quantify the consistency of 
the other drugs. We adapted the Matthews correlation coefficient® 
(AMCC; see Supplementary Methods) to select the optimal cutoff 
for consistency between drug sensitivity calls, in which only a few cell 
lines may be sensitive, or between gene expression data, in which the 
gene of interest may be rarely expressed. As expected, nilotinib yielded 
an AMCC value of 1, which denotes perfect consistency between the 
two studies (Supplementary Fig. 3). However, the other drugs yielded 
much lower AMCC values, with only AZD0530, lapatinib and crito- 
zinib yielding AMCC values of around 0.65, with another five drugs 
(17-AAG, AZD6244, erlotinib, PD-0325901 and PLX4720) yielding 
moderate consistency (0.5 < AMCC < 0.6), and the rest of the drugs 
yielding poor consistency (AMCC < 0.5). Notably, there was no 
systematic relationship between variability in drug sensitivity and 
AMCC estimates (Supplementary Figs 4 and 5), suggesting that AMCC 
values, although potentially overoptimistic, are a more appropriate 
statistic for consistency than Spearman’s or Pearson's correlation 
coefficients. It should be noted that the inter-laboratory replicates of the 
measurements of camptothecin and AZD6482 sensitivity performed 
using the same experimental protocols at two different locations within 
CGP yielded AMCC values of only 0.55 and 0.41 (Supplementary 
Fig. 6), indicating a lack of reproducibility of drug phenotype measures 
between biological replicates. Consistent with our previous report, gene 
expression data yielded significantly larger AMCC than drug sensitivity 
data across cell lines (Wilcoxon rank sum test P < 0.006; Supplementary 
Fig. 7). This re-analysis confirms that nilotinib is an anecdotal case, and 
that drug sensitivity measurements for the rest of the drugs (cytotoxic 
or targeted) remain only poorly to moderately consistent. 

Geeleher et al.' also state that their previous findings’ support the 
utility of the data from the CCLE and CGP, and suggest that their 
findings provide evidence for a consistency between CGP and CCLE. 
However, a true test of this assertion would be to train their models 
on the CGP and to use these to predict phenotypes reported by CCLE 
(and vice versa). If they could predict the drug response phenotype in 
the independent validation set with high accuracy, this would provide 
some quantitative evidence of a consistency between the two datasets in 
the context of their predictive models!. However, we!” and others!) 
have shown that such an analysis does not yield robust predictions for 
most drugs. 

In our original report*, we found statistically significant non-zero 
correlations between phenotype measurements for almost all drugs, 
supporting the fact that there is biologically relevant signal in these 


datasets, albeit confounded by significant noise. Concurring with 
recent reports®”"*, we identified known gene-drug associations that are 
reproducible between CGP and CCLE (Supplementary Information); 
however, half of the known associations were inconsistent across data- 
sets (significant in only one dataset; Supplementary Table 2). Ina recent 
re-analysis of the updated CGP and CCLE datasets, we reported that 
the discovery of new, potentially weaker biomarkers, which was the 
main goal of the CGP and CCLE studies, was much more challenging 
owing to inconsistency in pharmacological phenotypes. In our 
original conclusions‘, we argued that additional work is necessary to 
improve the consistency of phenotypic measures with the ultimate 
goal of making data from these large-scale projects more useful for 
development of robust predictors of drug response, and we believe 
that this conclusion still holds upon our re-analysis. We and others 
are actively working on identifying stable measures that could lead to 
improved consistency across inter-laboratory experiments. 

Like Geeleher et al.', we originally hoped to use the CCLE and CGP 
to develop robust biomarkers that could predict responses to treat- 
ment. Although we could use methods to find some consistency in 
selected subsets of the data, we found no general methods that iden- 
tified an overall consistency between the studies. Geeleher et al.' have 
shown that if the drug sensitivity data are appropriately discretized, 
consistency can be found for nilotinib—but not for the other com- 
pounds tested in both studies. Despite the single example of nilotinib, 
we conclude as we did originally, that sensitivity phenotypes lack con- 
sistency for most of the drugs screened both in CGP and CCLE. 

The methods are described in details in the Supplementary 
Information. The PharmacoGx package is open-source and publicly 
available on Bioconductor (https://bioconductor.org/packages/ 
PharmacoGx/). The the code and associated files required to reproduce 
this analysis are publicly available on the cdrug-rebuttals GitHub 
repository (https://github.com/bhklab/cdrug-rebuttals). The procedure 
to setup the software environment and run our analysis pipeline is 
provided in Supplementary Information. This work complies with the 
guidelines proposed previously’ in terms of code availability and rep- 
licability of results. 

Author A. C. Jin was a student in A.H.B:s laboratory and left shortly 
after publication of ref. 4, and did not participate in in the writing of 
this Reply. Authors Z.S., P.S. and M.E developed the PharmacoGx 
software package, which enabled the analyses presented here; A.G. 
helped with the development of the AMCC statistics, and participated 
in the interpretation of the results and writing of this Reply. 
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Consistency in drug response profiling 


ARISING FROM B. Haibe-Kains et al. Nature 504, 389-393 (2013); doi:10.1038/nature12831 


The comparative analysis by Haibe-Kains et al.' concluded that data 
from two large-scale studies of cancer cell lines** showed highly 
discordant results for drug sensitivity measurements, whereas gene 
expression data were reasonably concordant. Here, we cross-compared 
the two original datasets”* against our own data of drug response 
profiles in overlapping cancer cell line panels. Our results indicate that 
it is possible to achieve concordance between different laboratories 
for drug response measurements by paying attention to the harmoni- 
zation of assays and experimental procedures. There is a Reply to this 
Comment by Safikhani, Z. et al. Nature 540, http://dx.doi.org/10.1038/ 
nature20172 (2016). 

Haibe-Kains et al.' reported on a comparative evaluation of two 
drug sensitivity and molecular profiling datasets, one from the 
Cancer Genome Project (CGP)? and the other from the Cancer 
Cell Line Encyclopedia (CCLE)?. In their analyses, gene expression 
profiles between hundreds of common cancer cell lines across all 
genes showed high consistency between the two studies (median rank 
correlation (MRC) = 0.85), whereas the drug response data for 15 
common compounds were highly discordant (MRC = 0.28 for half- 
maximum inhibitory concentration (IC5») values). This report! and the 
accompanying commentary* suggested that differences in laboratory 
protocols, compounds and their tested concentration ranges, and 
computational methods may account for the differences, but these 
reports did not elaborate which of these factors are important and 
whether they can be controlled for. 

Here, we reanalysed the dose-response data from both CGP and 
CCLE using a standardized area under the curve (AUC) response 
metric, which we call the drug sensitivity score (DSS)°. We then 
compared the CGP and CCLE data with a new dataset of drug 
responses profiled using the Institute for Molecular Medicine Finland 
(FIMM) compound testing assay’, covering 308 drugs across 106 cancer 
cell lines. The FIMM data included 45 compounds in common with 
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Figure 1 | Consistency between drug response profiles across FIMM, 
CCLE and CGP. a, In the ‘between cell line comparison, the Spearman 
rank correlation coefficient was calculated for the pairwise overlapping 
cell lines and over shared sets of compounds between FIMM-CCLE 

(26 cell lines, 14 compounds), FIMM-CGP (41 cell lines, 45 compounds), 
and CCLE-CGP (268 cell lines, 13 compounds). The drug sensitivity score 
(DSS) profiles between FIMM and CCLE showed improved correlation 
compared with the correlation between FIMM versus CGP or between 
CGP versus CCLE (P= 4.2 x 10~° or P=0.0045, respectively, two-sided 
Wilcoxon rank-sum test). b, In the ‘across’ cell line comparison!, the 


CGP and 14 with the CCLE in 50 cell lines (Supplementary Data 1). 
In the AUC calculation, we unified the drug concentration ranges 
across the CGP, CCLE and FIMM assays. We observed a significantly 
higher level of consistency (P= 4.2 x 107°), especially between the 
CCLE and FIMM drug response data (MRC = 0.74), as compared to 
the consistency between FIMM and CGP data (MRC = 0.54) (Fig. 1a). 

Similar experimental protocols were applied at FIMM and CCLE, 
including the same readout (CellTiter-Glo, Promega), similar controls 
(vehicle as negative control and positive controls of toxic compounds 
100 1M benzethonium chloride or 1 uM MG132). However, there were 
also differences, such as the plate format used (1,536 versus 384 wells). 
Importantly, there was no effort made to standardize cell numbers 
used or any other parameters between the three laboratories, such as 
the source, passage number and media used for cells, nor the origin 
and handling of drugs. Therefore, this observed level of drug response 
agreement could be substantially improved by further standardization 
of the laboratory protocols. The CGP experimental protocol differed 
from the two others in terms of the readout (fluorescent nucleic acid 
stain Syto 60, Life Technologies), in the use of controls (drug-free cells 
as negative and no cells as positive controls), and the plate format used 
(96- or 384-well plates). 

We compared the drug response profiles between the same cell lines 
from different laboratories, in line with the approach of Haibe-Kains 
et al.', in which they showed consistency in gene expression profiles 
from CGP and CCLE (MRC =0.85)'. The Haibe-Kains et al.' approach, 
in which the correlation is calculated for each drug separately across the 
cell lines, showed more variability (Fig. 1b), owing to the fact that some 
drugs show minimal efficacy in all the tested cell lines. Analogously, 
gene expression correlations vary more widely when analysed at the 
level of genes across cell lines (MRC = 0.58 between CGP and CCLE), 
as certain genes are not expressed above technical noise. Although both 
ways to compare the data are relevant to the overall goal of personalized 
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correlation was calculated for each drug across all of the cell lines. This 
led to decreased consistency, yet still showed the same inter-laboratory 
differences after standardized data analysis (P = 0.00034, two-sided 
Wilcoxon rank-sum test, for comparisons both between FIMM versus 
CCLE and FIMM versus CGP or CGP versus CCLE correlations). The 
coloured points indicate whether the comparison made use of the 
harmonized data analysis (see Methods), or the AUC values provided 

in the original studies!”. The box and horizontal bar represent the 
interquartile range and median of the correlation coefficients, respectively, 
and the whiskers denote the most extreme data points. 
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therapy, emphasized in the original publications”’, the same evaluation 
approach should ideally be used when comparing the consistency of 
gene expression and drug response measurements. 

In summary, we show that standardization of assay methods and 
laboratory conditions will help to improve the inter-laboratory 
agreements in drug response profiling. Global standards, similar to 
the minimum information about a microarray experiment (MIAME) 
standard for the microarray data’, should be developed. 


Methods 
We scaled the drug response readouts using the available positive and negative 
controls from CGP, CCLE and FIMM screens (FIMM dose-response data points 
are provided in Supplementary Data 2). Curve fitting for the scaled dose-response 
curves was based on the original dose ranges, using the four-parameter logistic 
model and the Levenberg—Marquardt algorithm®’. We used the median of the 
triplicate measurements from CCLE (http://www.broadinstitute.org/ccle/home), 
and the single dose-response measurements from CGP (provided by M. Garnett). 
In the harmonized data analysis, DSS was calculated based on the fitted dose- 
response models (R-package available at https://bitbucket.org/Bhagwan Yadav/ 
drug-sensitivity-score-dss-calculation)°. The DSS integration was restricted to the 
common concentration window shared between CGP, CCLE and FIMM, which 
was limited by the narrower dose range of the CGP data. The compounds were 
identified and matched using InChIKeys”. Cell line matching was based on the 
named mapping file provided by Haibe-Kains et al.', followed by manual curation 
to guarantee that we compared exactly the same cell lines and chemical compounds. 
This work was financially supported by Academy of Finland (grants 269862 and 
279163, T.A.; 277293, K.W,; Center of Excellence for Translational Cancer Biology, 
O.K.), Cancer Society of Finland (K.W., O.K., T.A.), JSPS Bilateral programs 
(A.H.), Sigrid Juselius Foundation (A.H., K.W,, O.K.), European Union's Seventh 
Framework Programme (FP7, grant 258068, EU-FP7-Systems Microscopy, O.K.), 
and Doctoral Programme in Biomedicine (J.P.M. and B.Y.). 
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REPLYING TO J. P. Mpindi et a/. Nature 540, http://dx.doi.org/10.1038/nature20171 (2016) 


The accompanying Comment! by Mpindi et al. is an important 
contribution to the discussion of pharmacogenomic consistency 
for several reasons. Mpindi et al.! were able to reproduce our initial 
finding’ of a substantial inconsistency between the pharmacological 
profiles generated within the Cancer Genome Project (CGP)? and 
the Cancer Cell Line Encyclopedia (CCLE)‘, and explored potential 
reasons behind the problem and possible solutions. To do this, they 
compared the CGP and CCLE to a new dataset generated by the 
Institute for Molecular Medicine Finland (FIMM) that includes 
308 drugs that were tested across 106 cancer cell lines°. The authors 
shared the subset of the FIMM data overlapping with CGP and CCLE, 
including 52 drugs tested in up to 50 cell lines (drug dose-response 
curves and their comparison with CGP and CCLE curves are available 
in Supplementary Data). Overall, their comparative analysis! of this 
newly released dataset supports our published finding’ of greater 
consistency between studies in which there is similarity in experimental 
methods. We agree with Mpindi et al.' that harmonizing the readout, 
drug concentration range, and statistical estimator makes it possible to 
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achieve greater consistency across pharmacogenomic studies. Here we 
provide specific responses to the main results reported by Mpindi et al.! 

The FIMM and CCLE studies used a similar experimental protocol 
that included the CellTiter-Glo pharmacological assay, as opposed to 
the Syto60 assay used in CGP. As pointed out by the authors’, there were 
also parts of the experimental protocols that were different between all 
the three studies, effectively preventing perfect replication of in vitro 
molecular and pharmacological profiles. In our initial analysis”, we 
showed that drug sensitivity measures for paclitaxel and lapatinib were 
more consistent between the GlaxoSmithKline (GSK) dataset and 
CCLE, than between GSK and CGP or CCLE and CGP. Given that both 
GSK and CCLE used the CellTiter-Glo assay, we concluded that the use 
of different pharmacological readouts has a substantial effect on the 
consistency of drug sensitivity measurements. The results from Mpindi 
et al.' further confirm this observation. However, a recent study from 
Genentech suggested that laboratory-specific effects might induce even 
greater biases than the use of different readouts®. Indeed, Haverty et al.° 
showed that, although their CellTiter-Glo screen was more concordant 
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Figure 1 | Consistency between drug sensitivity measures (AUC) 
across FIMM, CGP and CCLE. a-d, AUC values were computed with 
the PharmacoGx package using the full concentration range (blue) or 
the concentration range shared between two studies (red). a, b, Boxplots 
of Pearson correlations between AUC values across (a) and between (b) 
cell lines. c, d, Boxplots of Spearman rank correlations between AUC 
values across (c) and between (d) cell lines. The box and horizontal bar 
represent the interquartile range and median of the correlation coefficients, 
respectively, and the whiskers denote the most extreme data points. 
Significance of the difference between AUC correlations computed 
using the full or common concentration range is calculated using a one- 
sided Wilcoxon signed-rank test. *P < 0.05; **P < 0.01; ***P < 0.001; 
‘“~ denotes 0.05 < P<0.10. 


with CCLE, their new drug sensitivity data generated using the Syto60 
assay were more consistent to their previous screen than CGP, despite 
the use of the same pharmacological assay®. It therefore remains unclear 
whether there are other experimental factors that drive the observed 
inconsistencies between large-scale pharmacogenomic studies and 
further argues for a detailed analysis of experimental protocols. 
Similar to Pozdeyev et al.’ and the Comment by Bouhaddou et al’, 
the authors investigated whether sensitivity metrics computed from 
the drug concentration range shared between studies yield higher 
consistency than the published metrics computed on the full (only 
partially overlapping) concentration range using different curve fitting 
algorithms. Concurring with previous results, Mpindi et al. showed 
that the modified area under the curve (AUC) statistic (referred to as 
the drug sensitivity score (DSS)) computed on the shared concentra- 
tion range (harmonized) was better correlated between studies than 
published AUC values (unharmonized). To test whether this marginal 
but significant improvement was due to the use of the same drug 
dose-response curve modelling or the choice of concentration range, 
we reproduced the authors’ analysis using our PharmacoGx package® 
and used the same curve-fitting algorithm for the FIMM CGP and 
CCLE studies. We observed significantly higher correlations, across 
and between cell lines, for AUC values computed using a shared 
concentration range for the CGP and CCLE comparison (P < 0.05, 
Wilcoxon signed-rank test; Fig. 1). Although this observation held true 
for the correlations between cell lines for all comparisons, restricting 
AUC computation to the common concentration range did not yield 
significantly higher correlation across cell lines for CCLE versus FIMM 
and CGP versus. FIMM (Fig. 1). Our results confirm that restricting 
the analysis to the common concentration range improves consistency 


between CGP and CCLE, and to a lesser extent with the FIMM 
dataset. 

In our original report”, we computed correlation coefficients for each 
individual drug across cell lines, which was relevant to the overall goal 
of the CCLE and CGP studies to discover new genomic biomarkers of 
drug responses in order to increase the emergence of ‘personalized’ 
treatment regimens. Mpindi et al.' also computed the correlation of 
cell line sensitivity data across drugs (referred to as between cell lines 
in their presentation; see Supplementary Information). While the 
application of the across cell line correlation analysis is more relevant 
for identifying biomarkers predictive of response to individual drugs, 
we agree with Mpindi et al.' that correlations across and between cell 
lines should be compared in a consistent manner, as was done in our 
published in-depth reanalysis of CCLE and CGP". Consistent with 
Mpindi et al. ! our results clearly demonstrate that the overall corre- 
lation across cell lines is lower than the correlation between cell lines 
(Supplementary Fig. 1). However, gene expression data are significantly 
more concordant between studies than the drug response summary 
statistics (half-maximum inhibitory concentration (IC59) and AUC) 
values in all comparisons (P< 0.002, Wilcoxon rank-sum test). 
Consequently, our observation that gene expression data are signifi- 
cantly more correlated than pharmacological response still holds. 

As we argued previously”, we agree with Mpindi et al.' that there is a 
need for harmonization of experimental protocols and cross-validation 
of large pharmacogenomic studies, and that doing so will improve 
robustness and reproducibility of the associated data. 

Author A. C. Jin was a student in A.H.B’s laboratory and left shortly 
after publication of the initial study, and did not participate in in 
the writing of this Reply. Authors Z.S., PS. and M.F. developed the 
PharmacoGx software package, which enabled the analyses presented 
here; A.G. helped with the comparison of the different drug sensitivity 
metrics, and participated in the interpretation of the results and writing 
of this Reply. 


Methods 

The methods are described in detail in our published reanalysis’® and in the 
Supplementary Information. The code and associated files required to reproduce 
this analysis are publicly available on the cdrug-rebuttals GitHub repository 
(https://github.com/bhklab/cdrug-rebuttals). The procedure to set up the software 
environment and run our analysis pipeline is provided in the Supplementary 
Information. This work complies with the guidelines proposed previously! in 
terms of code availability and replicability of results. 
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Drug response consistency in CCLE and CGP 


ARISING FROM B. Haibe-Kains et a/. Nature 504, 389-393 (2013); doi:10.1038/nature12831 


The Cancer Cell Line Encyclopedia! (CCLE) and Cancer Genome 
Project” (CGP) are two independent large-scale efforts to characterize 
genomes, mRNA expression, and anti-cancer drug dose-responses 
across cell lines, providing a public resource relating cellular biochemical 
context to drug sensitivity. A recent study* analysed correlations between 
reported dose-response metrics and found inconsistency between 
CCLE and CGP, thus questioning the validity of not only these, but also 
other current and future costly large-scale studies. Here, we examine two 


metrics of drug responsiveness (slope and area under the curve) that we 
derive from the original CCLE and CGP data, and find reasonable and 
statistically significant consistency. Our results revive confidence that 
the CCLE and CGP drug dose-response data are of sufficient quality for 
meaningful analyses. There is a Reply to this Comment by Safikhani, Z. 
et al. Nature 540, http://dx.doi.org/10.1038/nature20581 (2016). 
CCLE and CGP share 2,520 dose-responses across 285 cell lines and 
15 drugs, but cells were treated with different dose ranges. To compare 
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Figure 1 | Consistency between pharmacological data in CCLE and 
CGP. a, Slope (m,; left) or area under the curve (AUC;; right) of the dose- 
response curves for all overlapping drug/cell line pairs (2,520) in CCLE 
and CGP, considering only the shared dose range (denoted by subscript s). 
All m, and AUC, values were normalized based on the respective drug 
dose range, to facilitate comparison across drugs (see Supplementary 
Methods). Colour indicates density of dots. The black dashed line is x= y. 
In example dose-response curves, stars represent the shared dose range. 
b, Relationship between m, and AUC, for each database (inset m and AUC 
defined with the entire dose range as opposed to the shared dose range). 
The SVM classifier decision boundary divides the plot into sensitive and 
insensitive drug/cell line pairs, as indicated by the black dashed line. Slope 
and y-intercept of boundary line for CCLE,: m = —1.32, b= —0.01; CGP.: 
m= —1.31, b=—0.06. Colour of dots indicates the mean of the binary 
classifications from eight manual curators; blue indicates a unanimous 
sensitivity rating, green a very uncertain rating, and red a unanimous 
insensitivity rating. c, Consistency (left) and inconsistency (right) of 
classification methods broken down by drug. Far left plot shows manual 
curation consistency between CCLE and CGP. Middle left plot shows 
consistency between the manual curation data from CCLE and the CCLE 
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SVM classifier. Middle right plot shows consistency between the manual 
curation data from CGP and the CGP SVM classifier. Far right plot shows 
consistency between the CCLE SVM classifier used to classify CGP data 
and the CGP SVM classifier used to classify CCLE data. Colour indicates 
percentage consistency as denoted by the colour bar. Numbers denote 
number of observations, black for consistent, white for inconsistent. 

d, Inconsistent drug/cell line pairs based on manual curation results. 
Histograms bin the Euclidian distance between each discrepantly classified 
drug/cell line pair (that is, called sensitive in one database and insensitive 
in the other) and the decision boundary (black dashed line) in the AUC, 
versus m, plots for CCLE (left) or CGP (right). In inset, coloured dots 
indicate drug/cell line pairs that were classified discrepantly in CCLE and 
CGP. Colour corresponds to density of dots. Black dashed line indicates 
the decision boundary for the SVM classifier. Grey dashed lines indicate 

a Euclidian distance of 0.1 from the decision boundary in either direction 
e, ICs values from all sensitive cell line/drug combinations as determined 
by SVM classifier in CCLE or CGP. The black dashed line is x= y. f, ICso 
values from all sensitive cell line/drug pairs (same as in Fig. le) stratified 
by drug, for drugs having at least 5 points. All correlation coefficients are 
Pearson. 
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CCLE and CGP dose-responses, we calculated a common viability 
metric (0-100%) across a shared logio-dose range, and computed 
slope (ms) and area under the curve (AUC,) values (in which subscript 
‘s denotes the shared dose range) (Fig. la). This analysis revealed 
surprisingly good quantitative agreement between the two studies 
(ms: population Pearson correlation coefficient (7) = 0.52, P< 107! 
AUC;: p=0.61, P< 10~'°). Furthermore, since a small m, or large 
AUC, value indicates insensitivity, these data suggest that most cell 
lines are insensitive to the majority of tested drugs (~85%, Fig. 1a, b). 
Characterizing such insensitive trends with a sigmoid model meant 
for sensitive cell lines (that is, half-maximum inhibitory concentration, 
ICs) may lead to incorrect dataset consistency conclusions. 

To evaluate consistency of sensitivity classification between the two 
studies, we first asked eight people to curate binary sensitivity manually 
(all dose-response curves and their manually curated classification 
results are provided in the Supplementary Information). For manual 
curation, only data from a single database within the shared dose range 
was presented on each plot, and the order of plot presentation was 
randomized with respect to the study, the drug, and the cell line for each 
curator (see Extended Data Figs 1 and 2). Using the manual curation 
results, we built a separate support vector machine (SVM) classifier 
for each study with m, and AUC, as predictors (Fig. 1b). Both SVMs 
performed well (Fig. 1c, middle two plots), and the decision boundaries 
are independently similar for CCLE and CGP (Fig. 1b, black dashed 
line). These SVM classifiers also seem to parse data derived from 
the full (not shared) range of drug doses effectively (Fig. 1b; insets; 
mand AUC without subscript s), which may be important for future, 
database-specific analyses. 

The manual curation data along with the SVM classifiers allowed 
evaluation of consistency between CCLE and CGP in terms of binary 
sensitivity classification (Fig. 1c). Comparison of manual curation 
results shows high (~88%) and statistically significant consistency 
between the two studies overall (Cohen's kappa (4) =0.53 + 0.025), and 
for most individual drugs (Fig. Ic, far left). Using the CCLE SVM to 
classify CGP data, and vice versa (Fig. Ic, far right), also yielded high and 
statistically significant consistency (88%, &=0.55 + 0.025). These results 
strongly suggest that drug dose-response data in the CCLE and CGP 
can be considered consistent when used to classify binary sensitivity. 

The drugs 17-AAG, paclitaxel and TAE684 account for 48% of the 
inconsistent drug/cell line pairs. We hypothesized that most of these 
and other inconsistent drug/cell line pairs would be located near the 
SVM decision boundary. The primary reason is because this boundary 
necessarily travels through the region of AUC,-m, space where deter- 
mining binary sensitivity is the most challenging for manual curators 
(Fig. 1b, cyan to yellow dots denote uncertainty among curators). 
If true, then this would imply that a main factor driving the observed 
inconsistency is self-induced: imposing a strict cutoff. Indeed, most 
such inconsistent points are located close to the decision boundary; 
for CCLE 53% of the inconsistent points are within 0.1 distance units 
from the decision boundary, and 51% for CGP (Fig. 1d). Manual 
inspection of these inconsistent binary classification cases also 
supports this interpretation (Supplementary Data 1). We do observe 
some strongly inconsistent drug cell/line pairs (for example, Fig. la 
inset-middle, and Supplementary Data 1), but these are relatively rare, 
and are highly likely to be located far from a decision boundary. These 
results suggest that inconsistency between the two studies on the level 
of binary classification is, to a large extent, a result of the information 
loss associated with collapsing a two-dimensional continuous descrip- 
tion of drug sensitivity onto a single binary variable. Thus, we propose 
that drug sensitivity is better described as a spectrum (AUC and m) 
than as a binary classification. 
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We next re-calculated and compared ICs 9 data only from drug/ 
cell line pairs determined to be sensitive in either CCLE or CGP by 
the SVM classifier (another requirement was the existence of a non- 
extrapolated ICs9 value). We found good correlation between the two 
studies overall (Fig. le; p=0.69, P<0.0001). However, stratification 
by drug generally yields poor ICs» correlations (Fig. 1f). Thus, caution 
should be taken for inference of ICs0 values for specific cell line/drug 
combinations from CCLE and CGP, despite consistency on the level of 
slope, area under the curve, and binary sensitivity classification. Haibe- 
Kains et al.° stratified ICsp by drug for sensitive and insensitive lines 
(ICso values for insensitive lines are unreliable), which contributed to 
their conclusion of inconsistency. 

We conclude that the drug dose-response data in CCLE and CGP are 
acceptably consistent for most cases. Furthermore, we made no attempts 
to remove potentially suspect dose-response data, but doing so in future 
efforts could further facilitate data usability. That the two studies are 
this consistent is quite remarkable, given the different viability assays 
used, as well as inescapable confounding factors such as cell confluency, 
clonal variations, genomic drift, different drug suppliers/batches, 
laboratories/equipment and serum composition. This suggests that 
the measured genomic and gene expression parameters may provide a 
robust cellular context that dictates drug sensitivity. 


Methods 

For each drug/cell line pair found in both CCLE and CGP, we calculated the slope 
and AUC of each dose-response curve (percentage cell viability versus log) drug 
dose) only in the shared dose range. These values were normalized to account 
for different dose ranges used by each drug. One CCLE point and one CGP 
point defined boundaries of the shared dose range to maximize data coverage. 
ICs values were calculated as the drug concentration needed to reach 50% cell 
viability (using a fit to a sigmoid response model) if within the shared dose range 
(see Supplementary Methods). All scripts and data needed to reproduce the figures, 
including the MATLAB code, are provided in Supplementary Data 2. 
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Extended Data Figure 1 | Examples of typical sensitive versus insensitive dose-response curves. This document was given to manual curators as 
example dose-response curves. These idealized data represent various dose-response curves one might encounter in CCLE and/or CGP and indicate 
how they should be classified. 
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Extended Data Figure 2 | Examples of what the manual curators received. This is one page, as an example, from the data given to manual curators, 


which they were instructed to rate as either sensitive or insensitive. 
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Safikhani et al. reply 


REPLYING TO M. Bouhaddou et al. Nature 540, http://dx.doi.org/10.1038/nature20580 (2016) 


In the accompanying Comment’, the authors make two main claims: 
(1) that viability metrics computed over the drug concentration range 
shared between datasets yield higher consistency than the same 
metrics computed over the full, often only partially overlapping, drug 
concentration range; and (2) that binary drug sensitivity classifica- 
tion (insensitive versus sensitive) as determined by manual curators 
increases the consistency of pharmacological profiles between the 
Cancer Genome Project (CGP)* and Cancer Cell Line Encyclopedia 
(CCLE)?. We appreciate the innovative approach followed by the 
authors, and our reanalysis confirms the marginal, but statistically 
significant, increase in consistency achieved through the use of viability 
metrics computed across a reduced but common range. However, our 
results indicate that manual classification of drug dose-response curves 
does not significantly increase the agreement between drug sensitivity 
calls compared to computational approaches. Notably, it is unclear 
whether the authors’ manual approach will improve reproducibility 
of the biomarker discovery process, as collapsing of complex curves 
into discrete categories may result in a substantial information loss. 
Here we provide specific responses to the main results reported by 
Bouhaddou et al.' 

Similar to Pozdeyev et al.* and the Comment by Mpindi et al.°, the 
authors investigated whether sensitivity metrics computed from the 
drug concentration range shared between CGP and CCLE yield higher 
consistency'. Using the authors’ code’, we were able to implement their 
slope (m,) and area under the curve (AUC,) metrics (in which subscript 
‘s’ denotes shared dose range) in our PharmacoGx platform® with a 
minor improvement of the m, metric to prevent highly sensitive cell 
lines with flat drug dose-response curves to be classified as insensitive 
(see Supplementary Methods). We compared the AUC and m metrics 
computed from the full and shared drug concentration range for the 
pooled set of drug sensitivities. Our implementation of the drug dose- 
response curve fitting and sensitivity computation further improved the 
authors’ results: initial correlation for m,; (p= 0.52) and AUC, (¢=0.61) 
both increased to 0.67. We then tested whether the common viability 
metrics constituted significant improvement over computations on the 
full drug concentration range. We observed a small but statistically 
significant improvement for both the m, and AUC, metrics (test of 
difference in correlations, P< 0.01; Supplementary Fig. 1). Stratifying 
our analysis per drug, we observed that the improvement in consistency, 
although significant, was marginal, with the exception of nilotinib 
(Supplementary Fig. 2). However, most of the drugs still yielded poor 
consistency (p< 0.5), which is in line with both our initial report’ and 
our more recent reanalysis®. 

The authors investigated discretization of their continuous metrics 
to test whether binary classification would yield higher consistency, as 
estimated by the overall percentage agreement in drug sensitivity calls. 
However, such a statistic does not take into account the agreement 
that would be expected purely by chance owing to the large propor- 
tion of cell lines being insensitive to the tested drugs. The Matthews 
correlation coefficient (MCC)? addresses this issue. It is a balanced 
measure that can be used when the classes are of different sizes, and its 
significance can be computed using the ” statistic for binary classes 
(Supplementary Methods). We illustrate the case of four drugs with 
different patterns of consistency in Supplementary Fig. 3. Although all 
four drugs yield an overall agreement of greater than 92%, they exhibit 
a wide range of MCC values. Nilotinib is a good example of a consistent 
drug phenotype across cell lines (MCC = 0.86; Supplementary Fig. 3a). 


PLX4720 yields moderate consistency (MCC = 0.68; Supplementary 
Fig. 3b). AZD0530 and erlotinib show only poor consistency 
(MCC =0.42 and —0.05, respectively; Supplementary Fig. 3c, d). These 
examples support MCC as an appropriate statistic to discriminate 
between highly consistent drug sensitivity calls and those with poor 
concordance. We therefore used the MCC to compare different 
classification schemes, including those proposed by the authors. 

Recognizing the difficulty of summarizing drug dose-response 
curves computationally, Bouhaddou et al.' used an unconventional 
approach to increase the consistency of drug sensitivity calls: they 
gathered a team of eight curators and asked them to classify each drug 
dose-response curve as either sensitive or insensitive. The authors 
report a Cohen’s kappa (x) calue of 0.53, which is in line with our 
estimated MCC value of 0.53 (Supplementary Fig. 4). The authors 
qualified their manual classification as a high and statistically signifi- 
cant consistency. We disagree with the authors’ claim’ that their results 
provide evidence for high consistency. We refer them to the standards 
for strength of agreement for « defined previously’®, which would only 
classify observed consistency as moderate. More importantly, when 
classifications are stratified by drug, we do not observe a significant 
improvement of manual curation over the computational classifications 
based on AUC, and m, values (P > 0.12, Wilcoxon signed rank test; 
Supplementary Fig. 5). Consistent with our previous report, 10 out of 
15 drugs (66.7%) yielded poor consistency (MCC < 0.5). 

By pooling drug sensitivity data across drugs, the authors noticed a 
good quantitative agreement between the two studies, with estimated 
Pearson correlation coefficients (p) of 0.52 and 0.61 for AUC, and 
m, values, respectively!; our improved implementation of their method 
increased the correlation to 0.67. Nevertheless, we disagree that this 
level of correlation constitutes evidence for good agreement, and define 
it as only moderate consistency based on the interpretation scale of 
our initial study’. More importantly, the common viability metrics 
only marginally improved consistency at the level of individual drugs 
(except for nilotinib), with most of the drug yielding inconsistent drug 
sensitivity values (p < 0.5; Supplementary Fig. 2). The authors made 
a similar observation’ in their figure 1f, undermining their claim of 
drug response consistency in CGP and CCLE. Moreover, the main 
goal of CGP and CCLE consisted of finding new associations between 
molecular features and sensitivity to specific drugs’. Since biomarkers 
are to be found for each drug separately, it is vital that pharmacological 
profiles are highly consistent at the level of individual drugs and not 
merely when averaged across a larger dataset. 

In conclusion, our re-analysis of the new AUC, and m, metrics 
described by Bouhaddou et al.' showed that they represent a statistically 
significant improvement over the published drug sensitivity values, 
but the increase in consistency is only marginal for the vast majority 
of the drugs tested both in CCLE and CGP. Furthermore, manual 
classification of the drug dose-response curves does not appear to 
substantially improve the consistency of binary sensitivity calls over 
computational approaches and is not a scalable method. However, 
the authors’ showed that manually classified drug dose-response 
curves could be used as a benchmark to train nonlinear computa- 
tional predictors that could take into account the peculiar features 
of each individual dataset. Although there is no evidence that the 
authors’ approaches! improve reproducibility of biomarker discovery 
for individual drugs, their work may open a new avenue of research in 
pharmacogenomics. Manual curation and further exploration of new 
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large datasets such as CTRPv2 (ref. 11) and GDSC1000 (ref. 12)— 
containing approximately 395,000 and 225,000 individual curves, 
respectively—will present major challenges, but the investment in these 
large pharmacogenomic warrants such efforts. 

Author A. C. Jin was a student in A.H.B’s laboratory and left shortly 
after publication of the initial study, and did not participate in in 
the writing of this Reply. Authors Z.S., PS. and M.F. developed the 
PharmacoGx software package, which enabled the analyses presented 
here; A.G. helped with the comparison of the different drug sensitivity 
metrics, and participated in the interpretation of the results and writing 
of this Reply. 


Methods 

The methods are described in detail in the Supplementary Information. The code 
and associated files required to reproduce this analysis are publicly available on the 
cdrug-rebuttals GitHub repository (https://github.com/bhklab/cdrug-rebuttals). 
The procedure to set up the software environment and run our analysis pipeline is 
provided in the Supplementary Information. This work complies with the guide- 
lines proposed previously’ in terms of code availability and replicability of results. 
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Pluto’s telltale heart 


Studies of a large frost- filled basin on Pluto show that this feature altered the dwarf planet’s spin axis, driving tectonic 
activity on its surface, and hint at the presence of a subsurface ocean. SEE LETTERS P.86, P.90, P.94 & P.97 


AMY C. BARR 


naculture of selfies, it’s difficult to 

imagine a more compelling picture 

of Pluto than the image returned by 
NASA’s New Horizons space probe in 
July 2015 (Fig. 1). Pluto put its best face 
forward for New Horizons, showing 
us an area of bright, smooth terrain, in 
the shape of a heart. A renewed love of 
Pluto, which was stripped of its planet- 
hood a decade ago, swelled in the hearts 
of planetary scientists and school- 
children alike. Four papers published 
in this issue of Nature’ * show that the 
heart formed as a result of the interplay 
of slow deposition of frozen noxious 
chemicals, bitterly cold winds, cracking 
icy crusts, cryogenic buried oceans and 
planetary cartwheels. Pluto may be cute, 
but this is planetary science, after all. 

Pluto is one of the dwarf planets in 
the Kuiper belt, a family of objects 
beyond the orbit of Neptune that are 
about half the size of Earth's Moon, 
and is composed of solid water ice and 
rock. On Pluto, an outer shell of water 
ice behaves like bedrock — the ice is shaped 
into mountains, fractures and faults by inter- 
nal tectonic forces’, and forms impact craters 
when objects strike the dwarf planet’. 

For decades since its discovery, astrono- 
mers have watched Pluto as it crossed the 
line of sight between Earth and distant stars. 
By measuring how the spectrum of the star- 
light changed during these events, research- 
ers showed that Pluto has an atmosphere 
composed of nitrogen, methane and carbon 
monoxide’, all of which can be in the solid or 
the gaseous state at Plutonian temperatures. 
Pluto’s axial tilt of 120° and eccentric orbit 
mean that the amount and pattern of sunlight 
that falls on its surface change dramatically 
over the course of its 90,560-day year. This 
variability drives volatile ices to condense in 
some places and sublimate (be directly con- 
verted from solid to gas) in others — these ices 
therefore migrate across Plutos surface. 

The left half of the heart-shaped region on 
Pluto is informally known as Sputnik Planitia 
and is unlike any other geological feature in 
the Solar System. It consists of a depression 


Figure 1 | Sputnik Planitia. This global view of Pluto was 
obtained by combining four high-resolution images from New 
Horizons’ Long Range Reconnaissance Imager (LORRI) with 
colour data from its Ralph telescope. Four papers’ * study 
Sputnik Planitia, the left half of the heart-shaped region of 
bright terrain that is visible in the centre of the image. 


in Pluto's water-ice shell that is filled with the 
same ices that comprise the dwarf planet’s 
atmosphere’®. This deposit of atmospheric ices 
is about 4 kilometres thick”, which is similar 
to the average depth of Earth's oceans. Its sur- 
face is smooth and only 10 million years old*. 
The four new studies use data from New Hori- 
zons to explain the origins of Sputnik Planitia 
and its effect on Pluto. 

Bertrand and Forget’ (page 86) simulate how 
nitrogen, methane and carbon monoxide frosts 
sublimate from regions that are warmed by sun- 
light, and condense in cold or low-lying regions. 
Their simulations reproduce the time-evolution 
of global frost deposits on Pluto, recorded by 
decades of telescopic observations’, and show 
that a low-latitude basin could easily accumu- 
late frost that is many kilometres thick. Hamil- 
ton and colleagues’ (page 97) point out that the 
formation of a single frost deposit on Pluto is 
inevitable — as the frost begins to accumulate, 
that region reflects more sunlight and becomes 
colder, driving further deposition. Because this 
frost deposit is denser than the surrounding 
water ice, it creates its own depression. 
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Hamilton et al., Keane et al.* 
(page 90) and Nimmo et al.* (page 94) 
describe how Pluto's interior would 
have reacted to the frost deposit. Pluto 
is not perfectly spherical — the gravity 
of its moon, Charon, causes Pluto to be 
egg-shaped. Therefore, in the min- 
imum-energy configuration of the 
Pluto—Charon system, the long axes of 
Pluto and Charon are aligned. Charon 
always orbits above the same spot on 
Pluto, as though the two bodies were 
joined by a rigid stick. 

However, when frost accumulated 
in Sputnik Planitia, the system was 
no longer in a minimum-energy con- 
figuration. Pluto rolled over, and its 
ice shell was fractured by the result- 
ing tension and compression forces, 
creating canyons and mountains’. The 
line that now joins Pluto and Charon 
pierces the centre of Sputnik Planitia, 
a configuration that is favoured only 
if Sputnik Planitia represents a region 
of excess mass, despite the fact that it 
is a depression. Nimmo and colleagues 
show that such a mass excess is possi- 
ble if the ice shell is thin and underlain by a 
liquid ocean, which is consistent with previous 
findings’. 

These four studies are a testament to the 
deductive powers of modern planetary science. 
On the basis of a single set of images from New 
Horizons, the authors have used lessons learnt 
from analysing other planets to unravel the 
mystery of Plutos heart. With no future Pluto 
missions planned, are these studies verifiable? 
Bertrand and Forget predict a disappearance 
of frost in Pluto’s northern hemisphere in the 
coming decades, which could be observed 
using telescopes. But the other studies offer few 
suggestions, apart from numerical modelling, 
to test their hypotheses. 

However, the processes that were responsible 
for the formation of Sputnik Planitia also 
shaped other planetary bodies. For exam- 
ple, a similar frost migration and deposition 
occurred on Mars”. And the Moon”, Mars” 
and Saturn’s moon Enceladus” have under- 
gone reorientation due to a loading of material 
on their crusts. Perhaps, as simulations of 
these processes improve through further 


comparisons between models and data, our 
understanding of Pluto will be enhanced, 
providing support or opposition for these 
interpretations. m 
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Double agents for 
mitochondrial division 


Mitochondrial organelles — the energy powerhouses of the cell — must divide 
and fuse dynamically to function. It emerges that two distinct dynamin enzymes 
enable mitochondrial division. SEE LETTER P.139 


HEIDI M. MCBRIDE & ADAM FROST 


o paraphrase the biologist Francois 

Jacob, the dream of every mitochon- 

drion — the cell’s energy-producing 
organelle — is to become two mitochon- 
dria. On page 139, Lee et al.' report that two 
different dynamin proteins act sequentially 
in the process of membrane division that 
divides a mitochondrion into two. One aids the 
initial mitochondrial-membrane constriction, 
and the other enables the final stages of lipid 
constriction necessary for membrane fission. 
Mitochondria have an essential role in cellular 
function, and gaining a better understanding 
of how they divide might shed light on human 
diseases caused by their dysfunction. 

Mitochondria exist as a highly dynamic, 
interconnected network of organelle struc- 
tures known as a reticulum, which undergoes 
repeated rounds of fusion and division’. These 
remodelling events distribute mitochondria 
throughout the cell, aid the maintenance 
of mitochondrial numbers and metabolic 
capacity, and ensure that mitochondrial 
genomes are efficiently dispersed throughout 
the reticulum’. 

Cell biologists have long sought to under- 
stand how membrane-bound organelles 
divide, and how they pinch off membranous 
vesicles to transport proteins and nutrients 
throughout the cell. Research in this area 
has often focused on the dynamin family of 
proteins, GTPase enzymes that assemble in a 
collar-like structure around the constricting 
lipid ‘necks’ of budding membrane-bound 
vesicles or tubular organelle structures”. 
The hydrolysis of the molecule GTP pro- 
vides energy that drives changes in dynamin 
structure; these conformational changes 
squeeze dynamin-encircled lipid membranes 
together until membrane division occurs, 


through a process knownas fission’. 

Some dynamins’ can constrict vesicles 
with diameters of 100 nanometres down to 
the approximately 10-nm diameter required 
for membrane fission. However, mitochondria 
have diameters ranging from 500 to 1,000 nm 
(ref. 2), and two lipid membranes. This 
mitochondrial scale means that substantially 
greater remodelling is needed for mitochon- 
drial fission than for the membrane fission 
of vesicles. 

The sites on the mitochondrial-membrane 
surface at which division will ultimately 
occur are initially marked by contact with the 
endoplasmic reticulum (ER), another cellu- 
lar organelle’. These contacts are thought to 
initiate mitochondrial-membrane constric- 
tion by polymerizing actin-protein filaments, 
which provides force for remodelling of the 
mitochondrial tubule’. The mitochondrial 
dynamin-related protein Drp1 is recruited to 
these pre-constricted contact sites and assem- 
bles in helical and ring-like structures on the 
membrane surface”. However, whether Drpl 
assembly and enzyme activity constrict the 


Mitochondrion 


Lipid membrane 


Drpl 
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mitochondrial tubule to the point of fission 
was unknown. 

Lee et al. noticed that cells lacking 
dynamin 2 had an excess of fused mitochon- 
dria, which provided a hint that dynamin 2 
might have a role in mitochondrial division. 
Using high-resolution light microscopy, 
the authors monitored dynamin 2 at sites of 
mitochondrial division. Simultaneously 
observing dynamin 2 and Drp1 revealed 
how these proteins act to fully constrict a 
mitochondrial tubule. Using electron micro- 
scopy, Lee and colleagues measured the size of 
mitochondrial constrictions that accumulated 
in the absence of dynamin 2. This revealed that 
Drp1 mediates mitochondrial membrane 
constriction to a diameter of approximately 
100 nm, and dynamin 2 then completes the 
membrane-tubule constriction to the point of 
fission (Fig. 1). 

This finding was a surprise because 
dynamin 2 had previously been associated 
mainly with the fission of vesicles that medi- 
ate endocytosis, the process of uptake of extra- 
cellular material’. Another surprise was the 
sequential use of two different dynamins at 
separate stages of organelle-membrane con- 
striction, which hadn't been observed before. 

Drp1 and dynamin 2 share some evolution- 
arily conserved features with the rest of the 
dynamin family, particularly in the structural 
domains that drive assembly of these pro- 
teins around a constriction. Each dynamin 
also binds specific proteins and lipids, which 
determine where it functions in the cell. The 
recruitment of Drp1 to the mitochondria 
occurs through binding to mitochondrial 
receptor proteins’, including Mff, MiD49 and 
MiD51. This recruitment is tightly controlled 


| Dynamin 2 


Figure 1 | Different roles for dynamins in mitochondrial division. When a replicating mitochondrial 
organelle divides in two, its lipid membrane constricts in the middle until the lipid layers fuse and 
separate. The dynamin enzyme Drp1 binds to the mitochondrial membrane and partially constricts it. 
Lee et al.' have found that another dynamin, known as dynamin 2, binds and constricts the mitochondrial 
membrane further to enable the final step of lipid fusion and organelle division. 
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through modifications to Drp1 that alter its 
conformation and activity, providing a link 
from cell signalling and metabolism to 
mitochondrial dynamics’. 

A central question raised by Lee and 
colleagues’ work is how dynamin 2 is recruited 
to mitochondria. This answer might already be 
close at hand, because mitochondrial isoforms 
of key dynamin 2 binding proteins are already 
known. These include the BAR-domain pro- 
tein endophilin B1 (ref. 5) and the phosphatase 
enzyme synaptojanin 2A (ref. 6), which targets 
the lipid phosphoinositide. However, the func- 
tion of these proteins in mitochondrial division 
has not been well established. Another protein 
worth investigating is the dynamin 2 binding 
partner sorting nexin 9 (SNX9), which regu- 
lates formation of vesicles from mitochondria’. 

A key area for future work will be deter- 
mining how the sequential constriction of 
mitochondria proceeds through the three 
stages described by Lee and colleagues: from 
the initial ER-induced constrictions to the 
Drp1 assembly that constricts the diameter 
of the mitochondrion, and finally the regu- 
lated recruitment of dynamin 2 to the Drp1- 
constricted site that is required for membrane 
division. These are separable events, which 
should allow molecular dissection of each step 
individually. 

For example, microscopy by Lee and 
colleagues revealed that, in the absence of 
dynamin 2, Drp1 was recruited to a con- 
stricted mitochondrial tubule, giving rise to a 
‘frustrated’ division event in which a narrow 
mitochondrial tubule covered with Drp1 
pulled and contracted, but did not divide. 
Earlier work® showed that loss of Drp1 led 
to ER-mediated partial constrictions, creating 
mitochondrial structures similar to beads on 
a string. Studying such intermediate states will 
help researchers to understand how each of the 
two dynamins is recruited and assembled to 
divide mitochondria. 

Lee and colleagues’ discovery means that 
mitochondria should be taken into consid- 
eration when interpreting observations of 
dynamin inhibition by genetic or pharma- 
cological means. For example, mutations in 
dynamin 2 are linked to human disorders such 
as Charcot-Marie-Tooth disease and centro- 
nuclear myopathy’. Although research has 
focused on errors in endocytosis and vesicle 
transport to explain these diseases’, alterations 
in mitochondrial dynamics might contribute 
to the pathology. Similar neurodegenerative 
characteristics are also caused by inherited 
mutations in mitochondrial proteins, includ- 
ing Drp1 (ref. 10). By demonstrating that 
dynamin 2 has functions in mitochondrial 
division, Lee and colleagues open up avenues 
of investigation into how mitochondrial 
dynamics affect disease. m 
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Efficient fault tolerance 


Dealing with errors in a quantum computer typically requires complex 
programming and many additional quantum bits. A technique for controlling 
errors has been proposed that alleviates both of these problems. 


DANIEL GOTTESMAN 


uantum computers have great potential 

for solving certain computational prob- 

lems — such as simulating chemical 
reactions or exotic quantum materials — that 
seem to be intractable for regular comput- 
ers. However, although the leading experi- 
ments have achieved error rates of less than 
one error in every 1,000 operations’, a large 
quantum algorithm might require millions 
of operations, and even a single error could 
result in the wrong answer. Future large-scale 
quantum computers will therefore need to be 
programmed in a ‘fault-tolerant’ way so that 
they can get the correct answer in spite of a 
low but non-negligible error rate. Unfortu- 
nately, existing error-correction approaches 
come with a major drawback: they require 
many additional quantum bits (qubits). 
Writing in Physical Review X, Yoder et al.” 
propose a more efficient method for perform- 
ing certain fault-tolerant quantum operations 


© e@ Group of 


interacting 


using fewer qubits than existing approaches. 

To deal with errors in a quantum computer, 
the computer’s memory is protected by a 
quantum error-correcting code. The qubits 
that we wish to protect are supplemented by 
additional qubits that spread out the quantum 
information; a carefully designed code 
identifies errors by detecting changes in the 
correlations between the qubits. Errors in a 
quantum computation can be thought of as a 
disease that strikes certain qubits at random. 
The error-correction procedure is a cure for 
the disease, but one that is in limited supply — 
if the error rate is low enough, only a few qubits 
get sick and they can be cured efficiently, but 
if there are too many errors, our treatment 
abilities will be overwhelmed. 

As long as the qubits simply sit there, error 
correction is relatively straightforward. But 
quantum computations require interactions 
between the qubits. If one qubit is sick, it can 
infect other qubits with which it interacts, 
and the error can propagate. Therefore, the 
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Figure 1 | Outbreak prevention. Yoder et al.’ propose a technique for eliminating errors in a quantum 
computer. a, The authors first allow the quantum bits (qubits) of the computer to interact in small groups. 
An error (red) that occurs in one qubit can spread to other members of the same group (indicated by the 
arrows). b, After a potential outbreak, the qubits are immediately checked and the source of the error 

is identified. This source is corrected (green), and qubits that were in the same group are marked for 
tracking and later correction (denoted by stars). c, The qubits then interact in different groups. d, Finally, 
the qubits are checked again and the previously marked qubits corrected. 
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error-correcting code described above needs 
to be upgraded to a fault-tolerant protocol, 
which allows quantum computations to be 
performed while keeping the qubits protected 
against errors. 

A quantum computation can be broken 
down into quantum gates; these are the most 
elementary computational steps, such as add- 
ing two qubits together. The most straight- 
forward approach to creating fault-tolerant 
quantum gates is called a transversal gate. For 
such gates, the qubits are quarantined into 
small groups, and interactions are allowed only 
within a group. Therefore, errors can be treated 
before they spread into an epidemic. 

Unfortunately, a full quantum computation 
cannot use only transversal gates® — another 
kind of fault-tolerant gate is always needed. 
The predominant strategy to overcome this 
limitation is to prepare special quantum states 
known as magic states’, which are ‘injected’ 
into the quantum computation to perform the 
desired gate. This injection procedure can be 
carried out with a controllable spread of errors, 
but reliably making a magic state is difficult. 

One solution is to make many magic states, 
some of which will be tainted with errors. 
Using a procedure called magic-state distilla- 
tion’, the states are compared with one another 
to find a few that are safe to inject into the 
computation. As one might expect, this pro- 
cedure is extremely inefficient, requiring many 
attempts at making magic states to obtain even 
a small number that are almost error-free. It 
has been estimated’ that more than 90% of the 
resources in a large-scale quantum computer 
would be devoted to magic-state distillation. 

Consequently, there have been many 
efforts in the past five years either to reduce 
the resources needed for magic-state distil- 
lation or to find alternatives. One approach 
has been to devise more-efficient procedures 
for the distillation. There has been some 
success in this direction’, but the process 
remains resource-intensive, perhaps because 
we lack a perfect understanding of how and 
why many magic-state distillation protocols 
work. Various research groups* ’° have also 
proposed alternative ways of performing non- 
transversal fault-tolerant gates, the latest being 
Yoder and colleagues. 

In their work, the authors propose slightly 
relaxing the quarantine that is used in trans- 
versal gates and allowing the qubits to interact 
in groups of limited size (Fig. 1). Of course, this 
can lead to a small outbreak in which errors 
propagate within a group ofa qubits. However, 
by keeping track of each group and promptly 
performing error correction after a potential 
outbreak, the spread of errors can be limited to 
make sure that it remains under control. Yoder 
et al. find that their approach uses half as many 
qubits as does magic-state distillation — even 
if failed attempts at distillation are neglected. 

But Yoder and collaborators only compare 
the efficiency of a quantum error-correcting 


code that is mediocre at eliminating errors, 
and which is therefore not a leading candidate 
for fault tolerance. The authors show how their 
construction can be applied to other codes, 
but not the most advanced ones being studied 
today’*”. In particular, their protocol involves 
tracking outbreaks of errors that stem from a 
single qubit. Future work that uses the most 
advanced codes will require many outbreaks to 
be controlled simultaneously, which will proba- 
bly call for a more complicated procedure. Nev- 
ertheless, building a large-scale, fault-tolerant 
quantum computer is such a daunting task that 
every new approach is welcome. = 
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Sort of unexpected 


To reach the cell surface, membrane proteins are first targeted to an organelle 
called the endoplasmic reticulum. Several targeting pathways are known, but it 
now emerges that there is yet another pathway. SEE LETTER P.134 


MARTIN R. POOL 


ecreted proteins and membrane proteins 
are made and transported to the cell’s 
exterior through what is known as the 
secretory pathway: a set of linked membrane- 
bound compartments that includes an orga- 
nelle called the endoplasmic reticulum (ER). 
Protein sorting to the ER has been studied for 
more than 40 years’, and three pathways” * 
that transport proteins to the ER have been 
identified. However, there is still plenty to 
learn about this process because, on page 134, 
Aviram et al.” report a previously unknown 
pathway that can target membrane proteins to 
the ER in the yeast Saccharomyces cerevisiae. 
A key step in a protein’s entry to the secre- 
tory pathway is the initial sorting process that 
directs proteins to the ER. The first ER-target- 
ing mechanism to be identified involved signal 
sequences’ — stretches of 6-15 hydrophobic 
amino-acid residues® present at the amino 
terminus of a protein. Signal sequences are 
used to direct a protein to the ER, where the 
sequences are cleaved off. The transmembrane 
domains of membrane proteins can also 
function as non-cleaved signal sequences. 
Signal sequences are recognized and bound 
by an evolutionarily conserved’ RNA-protein 
complex called the signal recognition particle 
(SRP). SRP is found in the cytoplasm and on 
the surface of the ER. It also binds to ribo- 
somes”, the cellular RNA-protein complexes 
that translate messenger RNA molecules to 


synthesize proteins. When SRP recognizes a 
signal sequence on a protein undergoing trans- 
lation’, it targets this protein and the associated 
ribosomal complex to the ER, where protein 
translation is completed and the protein is 
simultaneously transferred into the ER”. 

However, not all signal sequences are 
recognized by SRP. In yeast, signal sequences 
with less hydrophobic cores use an SRP-inde- 
pendent targeting pathway* mediated by the 
ER-membrane protein Sec62. Unlike the SRP 
system, which recognizes proteins only while 
they are being translated, proteins can undergo 
post-translational targeting to the ER through 
the Sec62 pathway. The Sec62 pathway also 
operates in mammalian cells*” and is the most 
common ER-targeting pathway for secre- 
tory proteins shorter than around 100 amino 
acids*”, probably because such proteins are 
released from the ribosome before they can 
efficiently engage with SRP. 

Membrane proteins are targeted to the ER 
by the SRP-targeting pathway. However, tail- 
anchored membrane proteins (those that have 
their transmembrane domain at the carboxy 
terminus of the protein) are released from the 
ribosome before SRP can engage with them’™”’. 
These membrane proteins are targeted to the 
ER by a different route, through the action 
of guided entry of tail-anchored (GET) pro- 
teins'”’’. Although many tail-anchored mem- 
brane proteins fulfil essential functions, yeast 
GET mutants are not lethal’’. A lack of GET 
proteins has only modest effects on the cell, 
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after moving though the secretory pathway, which comprises a series of membrane-bound compartments. 
The first step in the transport of membrane proteins through the secretory pathway occurs when these 
proteins are targeted to an organelle called the endoplasmic reticulum (ER). a, b, Ifa membrane protein 
contains a transmembrane (TM) domain at the amino terminus (a) or in the middle of the protein (b), 
this TM domain is recognized by the SRP protein during translation of messenger RNA by the ribosomal 
protein-synthesis complex. SRP binds the TM domain and targets the protein and ribosomal complex 

to the ER. c, Ifa membrane protein contains a TM domain at its carboxy terminus, the protein is bound 
by a GET protein after translation and targeted to the ER. Aviram et al.’ identified a previously unknown 
pathway that uses SND proteins to target membrane proteins that have a TM domain in the middle of 
the protein (b) to the ER. Filled and dashed arrows indicate the proposed main and secondary pathways, 
respectively, for targeting a protein to the ER depending on the location of the TM domain in the protein 
structure. Membrane protein shown in blue, apart from the TM domain which is red. 


hinting that other ER-targeting pathways for 
membrane proteins must compensate when 
the GET machinery is absent. 

Aviram and colleagues investigated ER- 
targeting mechanisms using the yeast Gas1 
membrane protein, which moves to the ER in 
a manner that is SRP-independent and only 
partially dependent on the GET and Sec62 
proteins’*. The authors used a microscopy tech- 
nique to monitor the cellular location of Gas1 
in some 6,000 yeast strains that have different 
genetic mutations to identify genes associated 
with defective ER targeting. As expected, Avi- 
ram et al. found that GET or Sec62 mutations 
resulted in ER-targeting defects and led to mis- 
targeted Gas aggregates in the cytoplasm. 

The authors identified three other mutant 
yeast strains that also formed Gas1 aggregates 
owing to defective ER targeting. These mutants 
did not affect the ER targeting of a protein that 
is usually sorted through the SRP-dependent 
pathway, and Aviram et al. named the ER- 
targeting components that they identified as 
SRP-independent targeting (SND) proteins. 
Snd1 encodes a cytoplasmic protein, and 
Snd2 and Snd3 encode membrane proteins 
of the ER. 

Ribosomes translating ER-targeted proteins 
often become associated with the ER mem- 
brane. Therefore, to find which proteins are 
targeted by the SND pathway, Aviram and col- 
leagues used a ribosomal-tagging technique 
in living cells that enabled them to isolate and 
purify ER-associated ribosomes and determine 
the nucleotide sequences of the associated 
mRNA molecules. 

The authors compared the mRNA sequences 
isolated from wild-type and SND-mutant cells 


to identify mRNA sequences that associate 
with the ribosome in an SND-dependent 
manner. Most of the SND-dependent mRNAs 
that they found encoded proteins that have a 
transmembrane domain located away from 
the N terminus of the protein. By contrast, 
mRNAs for proteins that had an N-terminal 
signal sequence or transmembrane domain 
were associated with ER-tagged ribosomes 
independently of SND. 

Aviram et al. report that changing the 
placement of a transmembrane domain in an 
ER-targeted membrane protein had a strong 
effect on whether or not the protein under- 
went SND-dependent ER targeting (Fig. 1). 
The authors found that the SND machinery 
seems to target transmembrane sequences 
located away from the N-terminal region at 
the start of a protein sequence, whereas SRP 
is associated with targeting signal sequences 
and transmembrane domains at or near the 
N-terminal region ofa protein. 

Does the SND machinery preferentially 
interact with long polypeptide chains as they 
are being translated, or do short polypeptide 
chains preferentially bind SRP? Some riboso- 
mal complexes bound to mRNA can recruit 
SRP before the signal sequence has been trans- 
lated'*. Gaining a better understanding of the 
interaction of SRP with the ribosome might 
provide some answers. One possibility is that 
SRP has preferential access to ribosomes with 
growing polypeptide chains while the chains 
are short, and that this preferential access is lost 
once the polypeptide chain extends, possibly 
because of the engagement of other proteins 
that might bind the ribosome or the polypep- 
tide chain. 
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Many proteins seem to use more than one 
pathway to reach the ER, and such pathway 
compensation probably explains why the SND- 
dependent pathway remained undiscovered 
for so long. Aviram and colleagues observed 
that yeast cells with low SRP levels grow nor- 
mally only if the SND machinery is present, 
and that inactivating the SND machinery in 
such a strain is lethal. Conversely, they found 
that overexpressing SND proteins reverses 
the severe growth defect that accompanies 
complete loss of SRP. These data are consist- 
ent with a model in which the SND pathway 
targets proteins with N-terminal trans- 
membrane domains to the ER when the SRP 
pathway is not functional. 

The SND- and GET-targeting pathways 
also seem to overlap, because Aviram et al. 
report that inactivating both pathways leads to 
severely compromised insertion of tail-anchor 
membrane protein into the ER and to lethal- 
ity. Correct ER targeting of proteins is essential 
because membrane proteins can be toxic if they 
accumulate within the cell’*. Having overlap 
in the ER-targeting pathways might provide 
added robustness by enabling cells to efficiently 
target membrane proteins under a wide range 
of physiological conditions and stresses. 

Aviram and colleagues identified a related 
version of Snd2 in mammalian cells, and it 
will be interesting to learn whether an SND- 
dependent ER-targeting pathway operates in 
these cells. The authors’ identification of the 
SND-targeting pathway adds an additional 
level of complexity to protein sorting in the 
secretory pathway, and opens up exciting 
research avenues for investigating the regu- 
lation of this pathway and its relationship to 
known ER-targeting mechanisms. = 
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Projections of the 
soil-carbon deficit 


Changes in the amount of carbon stored in soil might be a crucial feedback to 
climate change. Experimental field studies show that warming -induced soil 
carbon losses are greatest where carbon stocks are largest. SEE LETTER P.104 


ERIC A. DAVIDSON 


lobal soil carbon is a bit like the 

US federal deficit: the quantity of 

carbon is massive, its annual change 
is the difference between two large input and 
output terms (akin to revenues and expendi- 
tures), and its changes add up over decades to 
have major consequences for society. Changes 
in the planet's soil-carbon stocks result mostly 
from a modest difference between the main 
input term — plant carbon derived from 
photosynthesis — and the main output term, 
which is respiratory losses of carbon dioxide 
from microbial decomposition of soil organic 
matter. Both photosynthesis and respiration 
will respond to climate change, but predict- 
ing how these responses will affect the modest 
difference in photosynthetic input and respira- 
tory output (and thus the effect on the storage 
of carbon in the soil) is challenging. Crowther 
et al.’ have synthesized the results from 
49 soil-warming experiments, and on page 104 
they report that losses from carbon-rich 
Arctic soils might tip the global balance of 
soil-carbon storage towards a net positive 
feedback to climate change. 

Unfortunately, we have few direct observa- 
tions of the effects of warming on stocks of 
soil carbon, and projections of Earth-system 
models (ESMs) agree neither in the sign nor 
the magnitude of its change”. Most ESMs sim- 
ulate the rate of soil-carbon decomposition 
using simple temperature functions (typically, 
either the Q,, or Arrhenius functions), which 
are derived from short-term (days to years) 
laboratory and field observations. However, 
the sizeable fraction of carbon that normally 
resides in the soil for decades is of greatest rele- 
vance to climatic feedbacks, and the decompo- 
sition of such carbon may respond differently 
to changing climate than does decomposition 
observed during short-term studies’. 

Crowther et al. analysed the results of 
49 soil-warming experiments performed at 
sites across North America, Europe and Asia 
(Fig. 1). A few of these studies reported results 
after less than a year of experimental warm- 
ing, but most were multi-year, and several 
lasted ten years or more. To normalize results 
obtained using different methodologies, the 
authors divided reported warming-induced 


changes in soil carbon by the degree-years 
product — a metric obtained by multiplying 
the experimental treatment intensity (degrees 
warmed) by the duration of the experiment 
(number of years). 

The authors found that the ratio of carbon 
lost per degree-year was largest when the study 
sites’ soil-carbon stocks were large — some- 
thing that occurs commonly at high latitudes. 
Warming can also increase photosynthesis and 
inputs of plant carbon to soil, but this appar- 
ently does not keep up with carbon losses in 
high-latitude ecosystems. When soil-carbon 
stocks are lower, which is often the case at 
lower latitudes, the responses of plant inputs 
and microbial decay seem roughly to even out, 
resulting in smaller observed changes in soil 
carbon (modest gains and losses). 

Crowther et al. explored the significance of 
their findings across the world by applying a 
spatially distributed climate-change scenario to 
a global soil database using a statistical model 
that calculates carbon loss per degree-year as a 
function of the initial carbon stock. On average, 
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soils in high-latitude regions have large carbon 
stocks and undergo the greatest warming, and 
so such regions emerge as an amplified source 
of CO, to the atmosphere (Fig. 1). 

An additional complication for project- 
ing carbon losses, however, is that microbial 
processes in the soil seem to adjust to changes 
of temperature. This can be due to changes in 
the microbial communities, alterations in the 
optimal temperature for their enzyme func- 
tions, or exhaustion of readily decomposable 
organic carbon substrates’. Assuming that the 
thermal adjustment of soils to each increment 
of warming will happen within a year (which is 
the most conservative assumption with respect 
to carbon loss), the authors estimate a net 
loss of 55 petagrams of carbon (1 Pg is 10'°g) 
between 2015 and 2050 for a scenario in which 
global warming averages 2 °C; that carbon loss 
is equivalent to about 5 years of current anthro- 
pogenic emissions. They also show that losses 
could be much larger if thermal adjustments 
occur more slowly. 

I believe that Crowther and colleagues’ 
synthesis of results from soil-warming 
experiments is important because it provides 
independent constraints for decadal soil- 
carbon simulations based on experimental 
observations of degrees of warming, years of 
warming, initial carbon content and a suite of 
other factors that could affect the stability of 
carbon stored in the soil. Their new finding of 
a statistical dependence of decomposition on 
the initial carbon content of the soil may prove 
to be a useful benchmark for ESM simulations. 

Soil-warming experiments do have limita- 
tions, however, including potential artefacts 
and costs that restrict their size, duration and 
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Figure 1 | Projections of the temperature vulnerability of soil carbon stocks. Crowther et al.' have 
analysed the results from 49 field studies in which soil was warmed at different sites around the world 
(sites are indicated with dots; some dots indicate general locations of more than one study) to assess how 
warming changes the density of soil carbon. They then extrapolated their findings using a statistical 
model to reveal the probable upper limit of changes in soil carbon by 2050 (shown in kilograms of carbon 
per square metre for the top 15 centimetres of soil), assuming a spatially distributed climate-change 
scenario in which average global temperature increases by 1 °C, and making certain assumptions about 
how long it takes for soil microbial processes to adapt to the increase. This analysis demonstrates that soils 
from high-latitude regions are especially vulnerable to net losses of carbon, which would act as a positive 
feedback to climate change. The extrapolations for tropical and desert regions are poorly constrained 
owing to lack of data from these regions. (Adapted from ref. 1.) 
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frequency. The studies analysed by Crowther 
et al. are still few and poorly distributed — for 
example, none has been performed in the South- 
ern Hemisphere. Nevertheless, the new findings 
are highly informative because they consider 
experiments performed at different latitudes, 
and support long-held suspicions that the large 
soil-carbon stocks of the Arctic are vulnerable to 
decomposition in a warmer world*”. 

This analysis does not explain why sites that 
have large carbon stocks tend to undergo the 
biggest losses. One explanation arises from 
the Arrhenius function, which predicts that 
1°C of warming should have a larger propor- 
tional effect on enzymatic activity at the low 
temperatures typical of high latitudes than it 
would at warmer, low latitudes. Kinetic theory 


ASTRONOMY 


also indicates that the activation energies of 
enzymatic decomposition reactions (the 
minimum energy needed for such reactions 
to occur), and hence the temperature sensi- 
tivity of the reactions, should be high for the 
complex substrates that are common in humus- 
rich, wetland soils at high latitudes’. 

But I suspect that an equally large or even 
larger factor is the exposure of increasing 
amounts of soil carbon to microbial decay 
when permafrost thaws and when flooded 
soils dry out. Models are only just begin- 
ning to include the effects of climate change 
on the exposure of soil carbon to microbial 
decomposition’, and Crowther et al. have 
provided a welcome empirical reference point 
for future simulations. Worryingly, their 


A black hole changes 
its feeding habits 


In the 1980s, the gas surrounding a black hole in a nearby galaxy began to emit 
much more radiation than before. This change has unexpectedly reversed in the 
past five years, questioning our understanding of these extreme phenomena. 


STEPHANIE LAMASSA 


upermassive black holes are millions to 

billions of times more massive than the 

Sun and reside at the centres of almost all 
large galaxies such as the Milky Way'. Some 
of these black holes are actively growing by 
accretion, a process in which material close to 
the black hole cannot escape the strong gravi- 
tational field and is ultimately pulled into the 
black hole. These growing black holes, or active 
galactic nuclei (AGNs), release large amounts 
of energy from the accretion process, making 
them visible across the Universe. Writing in 
Astronomy & Astrophysics, McElroy et al.’ 
and Husemann et al.’ report that the emis- 
sion spectrum of a nearby AGN has changed 
dramatically in the past five years, providing 
valuable insight into the physical processes 
involved in black-hole accretion. 

Clues to the growth of black holes are 
imprinted in the optical spectra of AGNs. Just 
as a prism splits white light into its component 
colours, these spectra reveal the composition 
of matter, because atoms, ions and molecules 
emit light at specific wavelengths dictated by 
quantum physics. In the case of AGNs, light 
emitted by the accreting material energizes the 
surrounding gas, which produces prominent 
emission lines in the gas’s optical spectrum. 

These emission lines also tell us about 
the motion of gas in the AGN. Because gas 
close to a black hole orbits at high velocities 


(up to thousands of kilometres per second), the 
emission lines from these regions are broad- 
ened as a result of the Doppler effect: light 
emitted from gas moving away from Earth 
is shifted to longer wavelengths, whereas gas 
moving towards us emits light that is shifted 
to shorter wavelengths. Conversely, gas farther 
away from the black hole travels more slowly 
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material 


findings plausibly suggest that soil carbon will 
bea source of a large biotic feedback that will 
accelerate climate change. m 
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(hundreds of kilometres per second) and 
produces narrow emission lines. For some 
AGNs, we observe both broad and narrow lines, 
whereas in others we see narrow lines only. 

The theory of AGN unification*” posits that 
all AGNs are inherently the same — namely, 
these phenomena are accreting supermassive 
black holes that are surrounded by gas and 
dust in the shape of a torus. Therefore, if we 
are looking through this enshrouding material, 
the gas near the black hole will be blocked from 
our view and we will see narrow emission lines 
only. However, if we are looking through the 
opening of the torus, we will observe both the 
broad and the narrow lines. 

Although this theory explains why the 
optical spectra of many AGNs do not show 
broad emission lines, ‘changing-look AGNs 
have been discovered in which the broad lines 
have either disappeared or appeared over time. 
Some of these phenomena can be explained 
through the lens of AGN unification — if 


Figure 1 | The variability of Mrk 1018. Black holes can grow by pulling (accreting) interstellar material 
from their surroundings. This accretion process energizes the gas that surrounds the black hole, 
producing prominent lines in the gas’s emission spectrum. Because gas close to the black hole is extremely 
energetic, the emission lines from this region are broadened as a result of the Doppler effect. In the 1980s, 
prominent broad lines appeared’ in the optical spectrum of a black-hole system called Mrk 1018. The 
leading explanation for this change (indicated by the blue arrow) is that the accretion rate onto the black 
hole increased, energizing more of the gas and expanding the size of the broad-line region. McElroy et al.” 
and Husemann et al.° have combined optical and X-ray observations to show that, in the past five years, 
Mrk 1018 has returned to its original state (indicated by the white arrow). The authors suggest that this 
transition is due to a decrease in the black-hole accretion rate. 
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the obscuring material is patchy, it can block 
or reveal the gas close to the black hole as it 
orbits®. However, variable obscuration cannot 
explain other changing-look AGNs”* such as 
Mrk 1018, the one studied by McElroy et al. 
and Husemann and colleagues. 

In the 1980s, the optical spectrum of 
Mrk 1018 transitioned from having only 
narrow emission lines to also showing promi- 
nent broad lines’. Variable gas clouds were 
ruled out as being responsible for this transi- 
tion. Instead, the favoured interpretation was 
that the gas was energized by an enhanced rate 
of accretion onto the black hole (Fig. 1). Sucha 
change could have been caused by an increase 
in the gas supply near the black hole. For at least 
one changing-look AGN, it has been postulated 
that a nearby star was ripped apart by the gravi- 
tational (tidal) forces of the black hole, and that 
this provided the fuel to reignite the AGN”. 

In 2015, Mrk 1018 was observed using the 
Multi Unit Spectroscopic Explorer (MUSE) 
installed on the Very Large Telescope in 
northern Chile, as part of a programme to 
study nearby AGNs. Using these observations, 
McElroy and colleagues serendipitously dis- 
covered that the optical spectrum of Mrk 1018 
has changed again, returning to the state before 
the broad lines became prominent. By com- 
paring the MUSE spectra with archival data 
from the 1980s to 2009, McElroy et al. show 
that this latest transition happened in the past 
five years. This result constrains the lifetime of 
the previous stage (in which the spectra 
showed broad lines) to between 25 and 30 years. 
Like the authors of the earlier analysis’, McElroy 
and collaborators suggest that the transition 
was probably caused by a change (in this case, 
a decrease) in the black-hole accretion rate, 
rather than by variable obscuration. 

In a companion paper, Husemann and 
colleagues focus on the X-ray properties of 
Mrk 1018. In AGNs, X-rays are produced in 
a hot ‘corona that is closer to the black hole 
than the gas that emits broad emission lines, 
providing a direct probe of black-hole accre- 
tion. Husemann et al. compare data that 
were taken in 2016 by two space-based X-ray 
observatories — Chandra and the Nuclear 
Spectroscopic Telescope Array (NuSTAR) — 
with Chandra observations from 2010. The 
authors find that the amount of X-rays emit- 
ted by Mrk 1018 has significantly diminished 
over this time, and claim that this reduction is 
not due to absorption of the X-rays by the gas 
that surrounds the accreting material. Their 
results therefore support the conclusion that 
the transition of Mrk 1018 is not caused by 
variable obscuration. 

From the hundreds of thousands of AGNs 
whose existence has been confirmed using 
optical spectroscopy, about 20 changing- 
look AGNs have been discovered, and only 3, 
including Mrk 1018, have had broad emis- 
sion lines appear and then disappear’”’. Many 
of the known changing-look AGNs were 


discovered serendipitously, which has 
motivated dedicated searches to find more 
examples, taking advantage of spectroscopic 
data over multiple epochs of the Sloan Digi- 
tal Sky Survey'**. The pace of discovery 
will increase in the coming decade, thanks to 
current and upcoming observatories such as 
Pan-STARRS and the Large Synoptic Survey 
Telescope, which will monitor the sky multi- 
ple times with the aim of detecting transient 
phenomena. 

Although changing-look AGNs are rare, 
they are incredibly useful because they provide 
us with an opportunity to learn about the phys- 
ics of accretion and the evolution of AGNs. The 
analyses of McElroy et al. and Husemann et al. 
teach us about the intermittency of black-hole 
accretion, suggesting that the picture is more 
complicated than the shutting down of an 
AGN. The timescale of these transitions also 
poses serious challenges to standard accretion 
theories’, which operate over periods that are 
seemingly too short*’®. Changing-look AGNs 
therefore serve as valuable tools for refining 
theoretical models, using observations that 
were not previously possible. m 
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Little is known about the biological rhythms that emerge from social behaviours 
in the wild. A study of shorebird pairs shows that rhythms of nest-incubation 
duties are mainly governed by strategies to avoid predators. SEE LETTER P.109 


C. LOREN BUCK 


undamental to all organisms, from 
Pisses to humans, is the daily oscilla- 

tion of behaviour and physiology. During 
a 24-hour day, animals devote blocks of time to 
rest or activity’. The pace of the daily rhythm 
is mainly governed by an organism's circadian 
clock, which is synchronized to the daily light- 
dark cycle’. Biological rhythms can also be 
influenced by an organisms social environ- 
ment; however, little is known about the factors 
that influence these social behavioural 
rhythms. On page 109, Bulla et al.° report a 
large-scale study of the timing of daily nest- 
incubation duties shared between pairs of 
shorebirds. 

Almost all studies of the daily rhythms of 
animals have used captive and individually 
housed laboratory strains under stringently 
controlled conditions. Such investigations 
have aided our understanding of biological 
rhythms; however, the survival of wild ani- 
mals depends on their ability to shape their 
daily rhythms in response to complex external 
factors and, for many animals, on their abil- 
ity to synchronize their activity with that of 


other individuals. Although rhythms of social 
behaviour are evident in nature”>”*, there have 
been few investigations of the genetic and 
environmental factors that influence this 
phenomenon in wild animals. 

Bulla and colleagues investigated a 
compelling natural model of social synchroni- 
zation: the timing of shifts in nest attendance 
during egg incubation by individual pairs of 
shorebirds. Shorebird eggs require continu- 
ous incubation, and parents must precisely 
coordinate and synchronize their care of the 
nest. The authors report a 20-year study of incu- 
bation patterns of wild shorebirds, assembling 
a data set that includes 32 species, 729 pairs of 
birds and 91 populations that spanned high to 
low latitudes worldwide. They assessed incuba- 
tion patterns using a combination of direct and 
indirect observation methods. 

The authors found that the timing of 
individual incubation bouts ranged from 
just over 1 hour to an enormous 50 hours. 
The authors also calculated the durations of 
incubation periods, which reflect the aver- 
age length of one cycle of shared parental 
incubation. Bulla et al. observed a diversity 
of incubation periods for the parental nest 
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in pairs of wild shorebirds. a, The red knot (Calidris canutus rogersi) is camouflaged against its nesting background. The authors observed that this species 
exhibits long incubation bouts. This might help to avoid predation by reducing activity that could draw attention to the nest. b, The oystercatcher 

(Haematopus ostralegus) is not camouflaged against its nesting background, and instead actively responds to approaching predators. Bulla and colleagues 
noted that this species has short incubation bouts. 


exchanges. Some pairs of birds synchronized 
their incubation periods around a 24-hour 
rhythm, whereas other pairs had incubation 
periods that were less than 20 hours or more 
than 28 hours. The authors also observed pairs 
of birds that exhibited free-running rhythms: 
near 24-hour rhythms that were not synchro- 
nized to the light-dark cycle. It is well estab- 
lished that most animals exhibit behavioural 
rhythms that are synchronized by the daily 
light-dark cycle, and these rhythms are known 
to be influenced by both genetic and environ- 
mental factors. Thus, the authors’ observation 
of exceptional diversity in incubation rhythms, 
independent of habitat, both within the same 
species and across different shorebird species, 
was highly unexpected. 

What factors might be responsible for the 
large diversity in incubation rhythms of wild 
shorebirds? Using sophisticated modelling 
approaches, the authors evaluated the con- 
tribution that genetics might make to this 
variability. Their results indicate that closely 
related bird species show similar incubation- 
rhythm patterns — a result consistent with 
other observations” "' that biological rhythms 
are genetically heritable. 

The authors investigated what other factors 
might shape incubation patterns. Nest 
incubation and food foraging are mutually 
exclusive behaviours, and it is reasonable to 
assume that incubation-bout length would 
be affected by a bird’s energetic status. Small 
birds store less energy than large ones, use 
energy faster and should therefore need to 
forage more frequently. Thus, one might pre- 
dict that bird species with a smaller body would 
exhibit more-frequent nest exchanges than 
larger species. However, Bulla et al. found no 
relationship between the body size of birds and 
the length of their incubation bouts. 

Body-temperature regulation can also 
influence a bird’s energetic demands. Birds 
in high-latitude, colder climates would be 
expected to deplete their energy stores more 
rapidly and show more-frequent incubation 
exchanges than birds in lower, warmer lati- 
tudes. However, Bulla and colleagues found 


that shorebirds in cold climates had longer 
bouts of incubation than birds in warmer 
climates. Together, these results indicate that 
incubation-bout length is not driven by a bird’s 
energetic status. 

Bulla et al. identified one behavioural factor 
that significantly influenced the duration of 
incubation bouts: the strategy used by par- 
ents to reduce predator attacks on the nest. 
Shorebirds nest on the ground, and use either 
parental camouflage or direct, attacking or 
distracting strategies to deter predators from 
attacking their nests. The birds that avoid 
predation through camouflage have long incu- 
bation bouts. This approach lessens the paren- 
tal changeover activity that could reveal a nest 
location to predators. By contrast, shorebirds 
that actively respond to intruding predators to 
dissuade them from approaching have short 
incubation bouts (Fig. 1). 

The diversity observed in incubation 
rhythms of pairs of shorebirds, both within 
the same species and across different species, 
is impressive, but perhaps Bulla and colleagues’ 
most striking finding is their observation 
that only 22% of the parental pairs adopted a 
24-hour pattern for their incubation rhythms. 
This finding is intriguing, because synchrony 
with the environment is considered an advanta- 
geous characteristic’, and such environmental 
asynchrony in animals is thought to have nega- 
tive consequences, including associations with 
pathologies and early death’*°. Humans with 
disrupted biological rhythms can develop symp- 
toms that range from those seen in relatively 
benign jet lag, to those of more serious con- 
ditions, such as obesity’, Alzheimer’s disease” 
and cancer™’, 

The work by Bulla and colleagues reveals 
diversity, flexibility and plasticity in the 
timing of a social behaviour, and challenges the 
assumption that animals maintain synchrony 
with the 24-hour day-night cycle. Does being 
out of synchrony with the environment exact 
a physiological cost on shorebirds, and if so, 
is the cost equally distributed in a given pair 
of birds? The incubation rhythm will prob- 
ably favour one parent over the other because 


50 | NATURE | VOL 540 | 1 DECEMBER 2016 
© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. 


of differences in the natural phasing of food 
availability, predation risk and temperature for 
the parent away from the nest. 

The finding that shorebird pairs of the 
same species can have substantially different 
incubation rhythms begs the question of how 
the rhythm is decided by a pair of birds. Is it 
a ‘negotiation, or is the rhythm driven by the 
dominant partner? Is there year-to-year varia- 
tion in the incubation rhythm for a given pair, 
and if so, what effect might fluctuating preda- 
tor density have on the birds’ rhythm? These 
and many other intriguing questions remain 
to be answered. = 
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Stem cells and interspecies chimaeras 


Jun Wu!?, Henry T. Greely’, Rudolf Jaenisch’, Hiromitsu Nakauchi>°, Janet Rossant”’* & Juan Carlos Izpisua Belmonte! 


Chimaeras are both monsters of the ancient imagination and a long-established research tool. Recent advances, 
particularly those dealing with the identification and generation of various kinds of stem cells, have broadened the 
repertoire and utility of mammalian interspecies chimaeras and carved out new paths towards understanding fundamental 


biology as well as potential clinical applications. 


n Greek mythology, a chimaera is a fearsome fire-breathing beast 

composed of different parts of more than one animal, vividly depicted 

in Homer's Iliad as a lion-headed creature with the body of a goat and 
the tail of a serpent. In modern bioscience, chimaeras are entities made up 
of cells from different organisms. They are extremely valuable basic biol- 
ogy research tools with the potential for future clinical use. Experimental 
chimaeras generated from cells of more than one individual of the same 
species, particularly the mouse, have been widely used for many biomed- 
ical studies. Here, however, we focus on mammalian chimaeras generated 
from different species, also known as interspecies chimaeras (see Box 1 
for related terminologies), which have recently garnered attention among 
researchers and the public, owing to their potential for providing replace- 
ment human organs. 

This Review will first provide a historical perspective and a summary 
of recent advances in stem-cell-derived interspecies chimaeras and their 
potential applications. It will go on to discuss ethical guidelines, current 
policies, societal effects and, finally, conclude with an outlook on research 
in this and related areas. Interspecies chimaera-related research covers a 
broad range of topics. We focus here on studies that deliver donor stem 
cells to pre-natal host embryos and fetuses—research on conventional 
xenotransplantation approaches involving the introduction of donor cells 
into the post-natal animal has been reviewed elsewhere’. 


Earlier studies on interspecies chimaeras 
Interspecies chimaeras in mammals were first developed in the 1970s 
as tools to aid the study of cell lineage and cell fate during embryonic 
development. Prior to the development of transgenic reporter lines, there 
was a need to explore other ways of identifying the origin of the different 
cell types brought together in a chimaera. Building on the pioneering 
work of Le Douarin and colleagues using chick—quail chimaeras”’, in the 
1970s Gardner and Johnson were the first to test the species boundaries in 
mammals with rat-mouse chimaeras*. When rat inner cell masses (ICMs) 
were injected into mouse blastocysts and transferred to the mouse uterus, 
the detailed distribution of the rat-derived cells could be observed in 
sections of the fetuses using species-specific antibodies. However, when 
the chimaeras were left to go to term, the resulting offspring had very few 
detectable rat cells remaining. The reason for this loss is still not clear, but 
it was suggested that different developmental rates between two species, 
that diverged evolutionarily about 20.9 million years ago (www.timetree. 
org), could lead to selection against the rat cells. 

Interspecies chimaeras between two more closely related murine 
species, Mus musculus and Mus caroli, were generated in further work 


by Rossart and Frels°. Live chimaeras with cell contributions from both 
species were produced by injection of M. caroli ICMs into M. musculus 
blastocysts®. DNA-DNA in situ hybridization and differences in satellite 
DNA between the two species were used to provide a detailed description 
of the tissue types derived from the ICM and the trophectoderm of the 
blastocyst®. Following this success, other viable interspecies chimaeras 
were also generated, including sheep-goat’ and two bovine species, 
Bos taurus—Bos indicus®. 

The successful production of interspecies chimaeras is dependent on 
the matching of the species origin of the trophectoderm derivatives and 
that of the maternal uterus. Mus caroli blastocysts, for example, cannot 
survive beyond early postimplantation in the uterus of M. musculus; 
however, viable M. caroli offspring can be produced from a M. musculus 
mother when a blastocyst is reconstituted with M. musculus trophecto- 
derm and M. caroli ICM®"”. This suggests that species boundaries can 
be extended considerably, provided that the interspecies combination is 
confined to the ICM derivatives. 

These early studies paved the way for understanding evolutionarily 
conserved and divergent developmental processes in an interspecies 
setting in vivo. The derivation of pluripotent stem (PS) cells from early 
embryos, as well as from differentiated cells through cellular reprogram- 
ming, has renewed the interest in generating interspecies chimaeras"?. 


Stem cells and interspecies chimaeras 

The first PS-cell-derived interspecies chimaeras were generated by Lahn 
and colleagues by injecting embryonic stem (ES) cells of the wood mouse 
Apodemus sylvaticus into M. musculus blastocysts. Although A. sylvaticus 
diverged from M. musculus about 14.59 million years ago, viable chi- 
maeras were obtained that contained a considerable contribution (up to 
40% in some tissues) of A. sylvaticus cells in all major organs, including 
germ cells, in mice!*. Notably, A. sylvaticus-M. musculus chimaeras dis- 
played features that were intermediate between the two species, including 
eye size and jumpiness, although these phenotypes were not statistically 
quantified!”. Whether or not interspecies chimaeras can retain behavioural 
traits characteristic of the donor species is an intriguing question. A recent 
study by Goldman and colleagues has suggested that the extensive contri- 
bution of human glial progenitors after grafting into the post-natal mouse 
forebrain could alter the cognitive capability of the host'. 

Improvement in mouse ES cell culture eventually enabled the derivation 
of germline-competent rat ES cells'*"'°, rekindling the interest in 
generating rat-mouse chimaeras. A milestone study by Nakauchi and 
colleagues reported the generation of viable adult rat-mouse chimaeras 
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BOX | 
Defining chimaeras 


A chimaera is typically defined as an organism composed of a mixture 

of different cell populations that derive from more than one zygote. 

They can be formed by processes such as the mixing of early embryos 
or the grafting of tissues from different stages of development or the 
adult. Chimaeras are distinct from hybrids (offspring resulting from 
breeding between different species) and from mosaics (animals 

carrying genetically different cells that originated from the same zygote). 
Chimaeras can be categorized as intraspecies or interspecies, depending 
on whether cell derivatives from two zygotes are from the same or 
different species, respectively. 


Creating interspecies chimaeras requires a donor species and a host 
species. The donor species provides cells of embryonic, fetal, or adult 
origin, either from primary tissue or from cell cultures. The host species 
provides the physiological environment and life support for embryonic, 
fetal, or adult chimaeric animals. In stem-cell research, the generation of 
an interspecies chimaera often involves the transplantation of multi- or 
pluripotent stem (PS) cells from the donor into an animal recipient at 
embryonic, fetal or post-natal stages of development. 


Tissue distribution and duration of chimaerism often differ depending 
on the donor cell type and the developmental stage of the host. PS 
cells are less restricted in developmental potential than other stem-cell 
types and thus can give rise to a high degree of chimaerism with wide 
tissue distribution when transferred to pre-implantation host embryos. 
Chimaeras generated by progenitors or adult stem cells are more 
confined to specific tissues and may need to be grafted to appropriate 
sites and developmental stages. Chimaeras are often designated 
according to the developmental age of the host at the time of analysis 
(for example, chimaeric embryos and chimaeric fetuses) or at the time of 
donor cell injection (for example, blastocyst chimaeras). 


Other important distinctions are between heterotopic and orthotopic, 

and heterochronic and isochronic chimaeras. Orthotopic chimaeras are 
generated by transplanting donor cells to their cognate location where 
they can participate in natural developmental processes or proper tissue 
organization of the host (for example, transplanting donor hepatocytes 

to the host liver). Heterotopic chimaeras occur with differentiation or 
integration of donor cells at a different site within the host animal than 
their origin (for example, transplanting donor pancreatic 8-cells to the host 
liver). Heterochronic and isochronic chimaeras are distinguished by the 
temporal properties between donor and host. If donor cells are delivered to 
the host at a time matching their in vivo origin, an isochronic chimaera will 
be formed, otherwise the chimaera formed will be heterochronic. 


by the injection of rat PS cells into mouse blastocysts or by injection 
of mouse PS cells into rat blastocysts'’. Chimaerism in interspecies 
fetuses varied among individuals and tissues, but was lower than that 
in the mouse-mouse or rat-rat intraspecies chimaeras. The production 
of viable rat PS-cell-derived rat-mouse chimaeras has been confirmed 
by other studies (ref. 18 and J.W. et al., manuscript in preparation). Wu 
et al. further showed that rat PS-cell-derived rat-mouse chimaera aged 
normally and lived an entire mouse life span (about 2 years) (J.W. et al., 
manuscript in preparation). The higher chimaerism rate of rat PS cells 
versus rat ICMs suggest that rat PS cells may have growth advantages 
over rat ICMs, perhaps as a result of their in vitro culture. The phenotype 
of rat-mouse chimaeras provides several insights. First, the chimaeras 
born from rat surrogates were generally rat-sized and those born from 
mouse surrogates were mouse-sized unless there were high contribu- 
tions by the xenogenic PS cells, a factor which was typically associated 
with morphological abnormalities and embryonic lethality”. Second, 
the chimaeric contribution of xenogenic cells seems to display lineage 
bias. Although a high percentage of mouse CD45* cells were detected 
in rat-blastocyst-derived chimaeric livers, rat CD45* blood cells were 
rarely detected in mouse-blastocyst-derived chimaeric fetal livers’’. 
This observation was specific to interspecies chimaeras, as the same 
rat PS cell line efficiently contributed to CD45~ cells in intraspecies 
chimaeric fetal livers!”. Third, as mice have a gallbladder whereas rats do 
not, the presence or absence of the gallbladder in rat-mouse chimaeras 
appeared to be determined by the host species, suggesting that the donor 
PS cell derivatives are subject to regulation by the host programs that 
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drive organogenesis’”. Intriguingly, Wu et al. recently found rat PS cells 
could contribute to mouse gallbladder, suggesting that the mouse embry- 
onic microenvironment was able to unlock a gallbladder developmental 
program in rat cells that is normally suppressed during rat development 
(J.W. et al., manuscript in preparation). Whether or not high contributions 
of rat PS cells to mouse-blastocyst-derived chimaeras would interfere with 
mouse gallbladder development remains an interesting, unresolved issue. 

Unlike rodents, germline-competent ES cells have yet to be isolated 
from other species. Stable ES cell lines could be derived from both non- 
human primate and human blastocysts!?-*4; however, not one of these 
lines was able to generate intra- or interspecies blastocyst chimaeras””-*”. 
It was later realized that the rodent and primate ES cells represent different 
phases of pluripotency, naive and primed, respectively”®. Mouse ES cells 
represent the naive epiblast state’’, whereas epiblast stem cells (Epis cells), 
another PS cell type derived from the post-implantation epiblast of rodent 
embryos*°!, are primed for differentiation. Many defining features of 
EpiS cells were frequently found in primate ES cells, suggesting that pri- 
mate ES cells were stabilized at the primed pluripotent state. Consistent 
with their post-implantation identity, mouse EpiS cells can engraft into egg 
cylinders in culture and differentiate into all three embryonic germ line- 
ages, including primordial germ cells“. Similarly, human PS cells grown 
in different primed cultures can also integrate into mouse gastrula-stage 
embryos and form ex vivo interspecies chimaeras***. Izpisua Belmonte 
and colleagues have since shown that primed human PS cells could 
chimaerize gastrula stage chick embryos as well (J.W. et al., unpub- 
lished data). Thus, gastrula-stage embryos, rather than pre-implanta- 
tion blastocysts, permit primed human PS cells to engraft and cross the 
xenobarrier*®*”, 

With the recognition that primate ES cells correspond to the primed 
state, an unresolved question was whether human PS cells that were more 
similar to mouse ES cells could be obtained. Derivation of genuine naive 
human ES cells, if achieved, would provide several practical advantages 
over primed cells, including improved single-cell cloning efficiency, ease 
of genome editing and the potential to generate interspecies chimaeras. 
The first successful attempt at generating mouse-ES-cell-like human 
ES cells came from a study by Jaenisch and colleagues in which the forced 
expression of Oct4 (also known as Pou5f1), Kif4 and KIf2 transcription 
factors was used to revert primed human ES cells to a more immature state. 
Although converted cells share many salient features of mouse ES cells, 
their long-term maintenance was still dependent on ectopic transgene 
expression**. Following this pioneering work, a flurry of recent studies 
have reported conditions that produce stable, transgene-free immature 
human PS cells with molecular features resembling mouse ES cells*”*’. 
Some of these cultures have also been used for the de novo derivation of 
human ES cells from human blastocysts#'*347, 

It has proven difficult to define the gold standard criteria for assigning 
the true naive human pluripotent state**. Fan and colleagues used a 
systems biology approach to assess the gene networks of different PS cells 
and found that the gene networks of mouse ES cells and Epi cells were 
reproducible across all datasets examined; however, naive human PS cells 
grown in different cultures exhibited high degrees of variation’. Naive 
gene networks appeared to be poorly conserved between human and 
mouse PS cells, and both better resembled their respective blastocysts*?. 
Thus, a direct comparison of naive human PS cells to pre-implantation 
human embryos can potentially serve as a more reliable molecular crite- 
rion for defining the human naive pluripotent state. In this regard, a recent 
study showed that the gene expression profiles of naive 5i- and T2iLG6- 
conditioned human PS cells better correspond to that of the human 
cleavage-stage embryo than cells produced by other protocols“. 

Validation of the naive state pluripotency in the mouse is achieved by 
demonstrating the functional contributions made by the mouse PS cells 
to blastocyst chimaeras. Owing to ethical considerations, the testing of 
human putative naive cells in such assays is limited to the use of animal 
host embryos, usually the mouse. Initial attempts at generating human- 
mouse chimaeric embryos using naive human PS cells highlight the 
potential difficulties that lie ahead in establishing interspecies chimaeric 
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models. Hanna and colleagues reported the robust generation of embry- 
onic day (E)10.5 human-mouse chimaeric embryos using human PS 
cells grown in NHSM medium". By contrast, there were several other 
studies that contradicted this conclusion, outlining the inefficient, limited 
chimaeric contribution of cells cultured in NHSM medium or other naive 
conditions*?-**”, Notably, though, non-human primate PS cells cultured 
in modified NHSM cultures were reported to contribute to the formation 
of pre-natal monkey-monkey and monkey-mouse chimaeras, albeit to 
a modest degree °°, 

In most studies, the criteria used to evaluate chimaerism were exclu- 
sively based on the presence of fluorescently labelled human cells. There 
are several potential problems associated with this, especially when the 
degree of chimaerism is low, including auto-fluorescence and the uptake of 
markers from dying cells. A recent study, by Theunissen et al.“ used both 
fluorescence detection and quantitative PCR analysis of human mitochon- 
drial DNA (sensitive enough to detect a single human cell in 10,000 mouse 
cells), to analyse 1,400 putative human-mouse chimaeric embryos, find- 
ing only 7 to be truly chimaeric™. Those that were chimaeras contained 
between 1 and 4 human cells per 10,000 mouse cells. Although the absence 
of human mitochondrial DNA is a strong negative result, the presence of 
a positive signal does not necessarily indicate the functional integration 
of donor cells as DNA can be derived from dead cells or contamination 
during sample preparations. Similarly, the presence of GFP-positive donor 
cells alone is not definitive proof for chimaeric contribution as human 
PS-cell-derived cells often appear as a cluster and do not fully integrate 
into animal tissues. Definitive proof of human-animal chimaera forma- 
tion therefore requires evidence of functional contributions. 

Humans and mice differ considerably in various aspects, including 
post-implantation epiblast development, embryo size, speed of develop- 
ment and gestational period. These and other differences may affect the 
integration, proliferation and differentiation of human PS cells in the 
chimaeric epiblast. Interspecies chimaera research with large animal hosts 
that are more similar to humans in anatomy, physiology and organ size 
could result in an improved research model. Experiments evaluating the 
chimaeric contribution of various human PS cells in large animal hosts 
are currently lacking. Izpisua Belmonte and colleagues have injected sev- 
eral existing human PS cell lines into pig blastocysts followed by embryo 
transfer to surrogate sows and results seem to agree with those from 
human-mouse chimaeric studies (J.W. et al., manuscript in preparation). 
Interestingly, both rat and mouse PS cells, which can robustly generate 
interspecies chimaeras among rodents, failed in chimaeric contribution 
to day E21-E28 pig embryos (J.W. et al., manuscript in preparation). 
Parallel attempts by Nakauchi and colleagues to inject human PS cells 
into sheep morulae/blastocysts have found a similarly limited human 
chimaeric contribution 28 days after transfer into surrogate ewes 
(T. Rashid et al., unpublished data). 

In addition to PS cells, more developmentally restricted stem/ 
progenitor cells are also amenable to chimaera formation. Neural crest 
cells (NCCs), a multipotent embryonic progenitor cell population, first 
emerge in the neural plate border region, between the neural epithelium 
and epidermis during neurulation”’. Jaenisch and colleagues injected 
NCCs derived from E8.5 mouse embryos, as well as those from mouse 
ES cells, into the amniotic cavity of E8.5 mouse embryos in utero**. This 
allowed the NCCs to enter the neural tube through the open neuropore, 
thereby contributing to chimaeric pigmentation formation in post-natal 
mice***>, More recently, the authors also generated interspecies neural 
crest chimaeras after transplanting PS-cell-derived rat and human NCCs 
into E8.5 mouse embryos in utero. Notably, both the rat-mouse and 
human-mouse neural crest chimaeras were born and the donor cells 
differentiated and matured into functional melanocytes and contributed 
to visible hair pigmentation in the adult mouse”. 

Human neural stem cells have also been transplanted into rat fetuses to 
generate interspecies chimaeric brains*”*. Transplanted human neural 
stem cells displayed wide chimaeric contribution to the rat central nervous 
system and gave rise to neurons, astrocytes and oligodendrocytes. Human 
haematopoietic stem cells (HSCs) have been routinely transplanted 
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into immunodeficient mice to assess their function and differentiation 
capacity; however, this is mostly by post-natal injection. Human-sheep 
and human-pig haematopoietic chimaeras, generated via the in utero 
transplantation of haman CD34* haematopoietic stem progenitor cells, 
have been reported but the contribution of human blood cells was limited 
in these experiments—probably because host HSCs competed with 
transplanted cells for the stem-cell niche". A summary of chimaeras 
generated using different types of cultured stem cells is provided in Fig. 1. 


Factors involved in interspecies chimaerism 

To improve the degree of chimaerism achieved from the transplantation 
of xenogeneic stem cells, especially PS cells, several important factors 
need to be considered (Fig. 2). 


Matched developmental timing 

Transplantation of donor cells into developmental-stage-matched (isoch- 
ronic) host tissue may be critical for the efficient engraftment of cells into 
chimaeras. Mouse ES cells were able to gain entry into host development 
following blastocyst injection but failed to thrive in the post-implanta- 
tion epiblast*”. Conversely, although mouse Epis cells are inefficient at 
generating blastocyst chimaeras, they are capable of colonizing the E7.5, 
but not the E8.5, epiblast, a stage at which pluripotency has been lost”. 
Similar observations have been made for human PS cells. Naive human PS 
cells were readily incorporated into mouse*!°°, pig and cow (J.W. et al., 
manuscript in preparation) ICMs but later contributions to the developing 
fetuses were rare and inefficient (refs 42-44, 50 and J.W. et al., manuscript 
in preparation). Conversely, primed human PS cells efficiently engrafted 
into E6.5 or E7.5 mouse epiblasts in vitro, but not pre-implantation 
mouse 7735, pig and cow (J.W. et al., manuscript in preparation) blas- 
tocysts. Several studies reported heterochronic chimaeras, in which cells 
of early developmental ages were able to respond to a later tissue envi- 
ronment. Gage and colleagues” injected human ES cells into the lateral 
ventricle of E14 mice. The E14 mouse brain allowed some injected human 
ES cells to differentiate and generate mature, active human neurons in the 
adult mouse forebrain, unlike the post-natal brain, in which human ES 
cells generate teratomas™. Shinohara and colleagues generated functional 
spermatozoa after transplantation of E6.5 epiblast or E8.5-E16.5 mouse 
fetal germ cells into the seminiferous tubules of a post-natal mouse testis. 
The reverse experiments, in which more advanced cells were returned 
to earlier-stage embryos, were less successful. Primordial germ cells 
isolated from post-implantation E8.5-E11.5 embryos did not contribute 
to chimaera formation following blastocyst injection. Several groups 
have reported the transplantation of various differentiated lineages— 
such as neural precursor cells, HSCs or mesenchymal stem cells—into 
blastocysts and have claimed that the injected cells contributed to the 
respective lineages®-°*. The validity of these findings has, however, not 
been confirmed and remains controversial. 


Providing selective advantage for donor cells 
Several strategies may confer a selective growth advantage to donor cells. 
First, an empty host niche strategy. If the host is genetically modified, 
compromising or eliminating the development of certain cell lineage(s) in 
embryogenesis, the recipient niche can be used exclusively by donor cells 
for their differentiation, proliferation and function. This strategy has been 
widely used for assaying HSC functions in vivo after the myeloablative 
irradiation of a donor's bone-marrow stem-cell niche. Spermatogonial 
stem cells or primordial germ cells can be injected into the seminiferous 
tubules of a recipient W/W mouse testis lacking endogenous germ cells 
for proper spermatogenesis®”°”!, c-Kit-mutant W/W" mice that lack 
melanoblasts are more permissive for the chimaeric contribution of NCCs 
derived from rodent and human PS cells*°. Notably, this concept has also 
been adapted for the generation of xenogenic organs via interspecies 
blastocyst complementation (refs 17, 18 and J.W. et al., manuscript in 
preparation). 

Second, a cell-competition strategy. Cell competition was first stud- 
ied in Drosophila in which cells carrying a Minute (also known as 
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Figure 1 | Chimaeras generated from cultured stem cells. Stem cells 
with varying degrees of developmental potency have been derived from 
different developmental stages. In situ transplantation allows cultured 
stem cells to generate intra- or interspecies chimaeras. Rodent ES or iPS 
cells can contribute to post-natal chimaeras in a host from the same or 

a different rodent species. Primate naive PS cells can contribute, albeit 


RpS17) mutation were outcompeted by wild-type cells with metabolic 
advantages”*. Later studies in mammalian systems revealed that this 
process is universal and highly conserved’*. MYC-induced super- 
competition constitutes another mode of cell competition, in which 
cells with higher MYC expression out-compete neighbouring wild- 
type cells’*. Both types of cell competition have, thus far, only been 
examined in the intraspecies setting and their roles in interspecies 
chimaera formation await exploration. Overexpression of c-MYC in 
human-PS-cell-derived NCCs did not seem to give a more competitive 
edge for human cells, suggesting that super-competition conferred by 
c-MYC may not work across species*®. Zwaka and colleagues identified a 
network of genes whose downregulation confers embryonic cells with 
the ability to out-compete wild-type cells in development, a feature 
reminiscent of MYC-driven super-competition’*. Whether or not 
expression of these pro-competition genes would promote cross-species 
contributions remains to be determined. 

Third, an enhancement of donor cell survival approach. Nakauchi 
and colleagues found cells from a subclone of EpiS cells could generate 
blastocyst chimaeras, in part owing to their resistance to cell death after 
injection into blastocysts*’. This led to further examination of whether 
the forced expression of the anti-apoptotic protein BCL2 might allow 
primed PS cells to engraft in blastocysts, survive and contribute to 
chimaeras. Indeed, BCL2-overexpressing EpiS cells also survived in 
mouse blastocysts and contributed to chimaeric mice’’. Furthermore, 
when BCL2-expressing SOX17* endoderm progenitors were injected 
into blastocysts, they also contributed to chimaera formation, but only 
to gut tissues’°. These results suggest that the prevention of apopto- 
sis supports the survival of grafted progenitors in pre-implantation 
embryos and can extend the degree of heterochrony that can be toler- 
ated in blastocyst chimaeras. Once the appropriate differentiation stage 
is reached, surviving progenitors will then take part in embryogene- 
sis and follow their ordained developmental fate. The prevention of 
apoptosis is also a valid strategy for mouse-rat interspecies chimaera 
formation. For example, BCL2-expressing rat primed PS cells can con- 
tribute to chimaeras after injection into mouse blastocysts’. BCL2 over- 
expression also promoted human ES cell survival in mouse embryos 
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to a very limited degree, to developing mouse embryos after blastocyst 
injection. Primed PS cells can engraft into mouse gastrula stage and 
generate ex vivo chimaeric embryos. Lineage progenitors or adult stem 
cells can contribute to chimaera formation in an organ of a developing 
fetus or post-natal animal. NHP, non-human primate. 


in vitro (H. Masaki et al., unpublished data). Similar results were 
obtained with BCL2-overexpressing monkey ES cell lines in mouse 
embryos in vivo (H. Masaki et al., unpublished data). Although the data 
are promising, it should be noted that the progeny of primate PS-cell- 
derived cells were diverted towards the extraembryonic lineage. Thus, 
more experiments and optimizations are warranted before any defini- 
tive conclusions can be drawn. 


Evolutionary considerations 

Overall, the generation of interspecies chimaeras between mouse and rat 
is less efficient than the generation of intraspecies chimaeras. The cause 
of this ‘xenobarrier’ is not clear; however, there are several potential 
reasons, including ligand-receptor incompatibilities and differences in 
the affinity of adhesion molecules as a result of genetic diversification. To 
gain evolutionary insights into the xenobarrier, Nakauchi and colleagues 
generated induced pluripotent stem (iPS) cells from the prairie vole 
(Microtus ochrogaster), a rodent species that diverged from M. musculus 
about 32.7 million years ago. When prairie vole iPS cells were injected 
into mouse embryos, interspecies chimaeras could be generated, but 
the embryonic development rate, degree of chimaerism and survival 
to adulthood were lower than in mouse-rat chimaeras (H. Sato et al., 
manuscript in preparation). These data imply that genetic diversification 
or evolutionary distance is at least partly responsible for the xenobarrier. 
In line with this, Jaenisch and colleagues observed a greater chimaeric 
contribution of mouse NCCs to the mouse embryo than that made by 
rat NCCs, and rat NCCs showed more efficient engraftment than human 
NCCs*. 


Potential applications 

Interspecies chimaeras are excellent experimental models for studying 
development, organismal homeostasis, stem-cell potential and disease. 
Recently, progress in several technological frontiers has opened new 
possibilities for interspecies chimaera research. Through genetic manip- 
ulation, the developmental niche(s) of the host animal can be made to 
serve donor cells exclusively, thereby generating organ- or tissue-enriched 
chimaeras, which at some stage could help provide much-needed organs 
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Figure 2 | Strategies to improve interspecies chimaerism with human 
stem cells. a, Matching developmental timing is critical for pluripotent 
and multipotent stem cells to engraft and generate intra- and interspecies 
chimaeras. b, Choosing a host that is evolutionarily closer may help 
increase the degree of chimaerism by donor human PS cells. c, The genetic 


for transplant. Interspecies chimaeras with human stem-cell contributions 
could also serve as a platform for disease modelling and drug screening, 
providing in vivo readouts of disease onset and progression, drug efficacy 
and toxicity, with relevant clinical value!! (Fig. 3). 


Organ generation 
This can be potentially approached with blastocyst complementation or 
targeted organ complementation. 


Interspecies blastocyst complementation. The ability to grow entire body 
parts for patients in the laboratory, as replacements for damaged or failing 
organs, is the holy grail of regenerative medicine. This quest took a con- 
siderable step forwards ten years ago with the discovery of iPS cells’®. 
Although efforts have been made to generate functional mature cells from 
iPS cells that target diseases that are potentially amenable to treatment 
by cell transplantation, other conditions, such as heart, kidney, liver and 
lung failure, require whole-organ replacement. Generating such complex, 
three-dimensional tissues from iPS cells once seemed impossible. In 2010, 
Nakauchi and colleagues reported the generation of a rat pancreas in 
mouse, using rat iPS cells to complement the pancreatic organ niche in 
mouse embryos that are unable to develop a pancreas’”. More recently, 
the same group succeeded in generating a mouse pancreas in Pdx1~'~ rats 
(T. Yamaguchi et al., manuscript in preparation). To evaluate functionality, 
mouse islets formed in rats were transplanted into mice with streptozotocin- 
induced diabetes. Although the isolated islets contained some rat endothelial 
cells and other non-parenchymal cells, 100 islets transplanted under 
the mouse renal capsule normalized blood glucose levels over 370 days 
without immunosuppression (T. Yamaguchi et al., manuscript in prepa- 
ration). This proof-of-concept study indicates that organs generated 
from iPS cells in this manner can be just as functional as those from 
wild-type animals. In addition to pancreas, Isotani et al.!* complemented 
blastocysts from nude mice lacking a thymus with rat ES cells and gene- 
rated an xenogenic rat thymus. Usui et al. tested the blastocyst comple- 
mentation strategy for the generation of kidney tissue in Sall1-knockout 
mice. When mouse PS cells were used, a kidney was successfully 
generated. However, rat PS cells failed in this context, suggesting that key 
molecules involved in the interaction between mesenchyme and ureteric 
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modification of host animals to disable organ development may enable 
donor human PS cells or progenitors to populate the targeted organ with 
minimal competition from the host. d, The modification of donor human 
PS cells to enhance their survival, proliferation and/or cell competition 
may also help increase the degree of chimaerism. 


bud during kidney development might not be conserved between mice 
and rats’’. Most recently, Izpisua Belmonte and colleagues broadened 
the utility of interspecies blastocyst complementation by combining 
CRISPR-Cas9-mediated zygote genome editing with the blastocyst 
injection of rat PS cells, thereby removing the need for existing mutant 
mouse strains (J.W. et al., manuscript in preparation). This strategy 
allowed successful complementation for several lineages, including 
pancreas, heart and the eye, among others (J.W. ef al., manuscript in 
preparation). 

These proof-of-concept studies could perhaps be expanded beyond 
rodents to larger animals, whose organs are much more similar in size to 
those of humans. That is, pig, sheep or monkey embryos may eventually 
be complemented with human stem cells to generate replacement organs 
for any part of the human body. Pig-pig blastocyst complementation 
has already been achieved by Nakauchi and colleagues”®. Pig fibroblasts 
overexpressing the transcriptional repressor HES1 under the pancreas- 
specific PDX1 promoter were cloned to give rise to embryos carry- 
ing a PDX1-HES1 transgene’*. PDX1-HES1 expression suppresses 
the pancreatic development program, thus leading to the creation of 
pancreatogenesis-disabled pig embryos. Owing to the lack of chimaera- 
competent pig PS cells, cloned blastomeres expressing the fluorescent 
protein huKO were used to complement the PDX1-HES1 embryos. 
These huKO* blastomeres were able to contribute to chimaera forma- 
tion, generating an entire huKOt pancreatic epithelium. Moreover, the 
chimaeric pigs generated by complementation were able to grow into 
adulthood with a functional pancreas. Whether or not human PS cells 
can generate xenogeneic organs in pigs remains unknown. Although 
similar in physiology and organ size, the evolutionary distance between 
human and pig (96 million years) is even greater than that between 
human and mouse (90 million years). Thus, the chimaeric contribution 
made by human PS cells is expected to be low in pigs, consistent with 
recent findings (J.W. et al, manuscript in preparation). Choosing a 
species closer to humans, such as non-human primates, may be more 
likely to work, although the law in many countries prohibits such experi- 
ments. Developing strategies to improve human chimaerism in a distant 
animal host as discussed above, could help to turn this goal into reality 
in the future. 
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Figure 3 | Potential application of interspecies chimaeras with human 
stem cells. Organ generation via interspecies blastocyst complementation 
or interspecies targeted organ complementation could help to solve the 
severe shortage of organ donors worldwide. Human-animal chimaeras will 
also help researchers to understand the aetiology, onset and progression 

of human diseases better. Additionally, they could be useful for testing the 
efficacy and safety of a candidate drug in vivo. 


Interspecies targeted organ complementation. One of the issues 
regarding in vivo organ generation in animals is ethical concern over 
potential gamete and neural contribution from PS cells. This issue could 
be addressed by developing methods of targeted organ generation, mini- 
mizing the likelihood of any undesired gameto- or neurogenesis”. One 
approach is to modify PS cells, restricting their differentiation to the organ 
of interest. Conditional expression of the transcription factor gene Mixl1 
made it possible to induce differentiation of PS-cell-derived cells towards 
the endodermal lineage, thereby reducing the number of non-endodermal 
PS-cell-derived cells®’. The introduction of constructs containing suicide 
genes under neural- or germ-cell-specific promoters to eliminate com- 
pletely the formation of human iPS-cell-derived neural and germ cells 
in the host animal could be explored. Another approach is the use of 
committed progenitors or organ buds instead of PS cells. As discussed, 
the organ niche of organ-deficient embryos is available for complementa- 
tion throughout development of the organ. Therefore, injecting lineage- 
committed progenitor cells, (such as cultured nephron progenitor 
cells®!, rather than PS cells, into the embryo at the right place and time 
may allow complementation of organ deficiency with little chance of 
generating ‘off-target’ humanized tissues. 

If the host organ niche is emptied by genetic manipulations, donor 
human progenitor cells will probably be able to colonize it, giving rise 
to a human-cell-enriched organ. Although theoretically this is a sound 
strategy and potentially reduces the ethical concern, there are caveats: the 
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developmental stages need to be matched between human progenitors 
and the host animal fetus; delivering human cells before the host organ 
becomes atretic is likely to be critical and challenging; and delivery of 
human progenitor cells needs to be performed before the host immune 
system is formed (less than 50 days in pigs). 


In vivo disease modelling 

An important goal of experimental biology is the development of model 
systems that allow for the study of human diseases under in vivo condi- 
tions. Transgenic animals have been successful in modelling a variety of 
human diseases but have failed to provide disease-appropriate phenotypes 
for monogenic diseases such as Lesch-Nyhan syndrome™ or of complex 
diseases such as Parkinson's or Alzheimer’s. Given that disease-specific 
iPS cells carry all genetic alterations that contributed to disease pathology, 
the functional integration of patient-derived cells into the tissues of 
the developing mouse embryo would allow for study of the initiation, 
progression and manifestation of the disease in question. Host-specific 
developmental and physiological programs may alter the behaviour of 
donor human cells in a non-human host. Nevertheless, the ability to study 
the autonomous versus non-autonomous effects of the multiple genetic 
alterations that contribute to a human disease under in vivo conditions 
cannot be dismissed. 


In vivo drug screening 

Compared to existing drug screening platforms, which often involve the 
use of patient samples and immortalized cell lines and/or in vivo trans- 
genic mouse models, the use of interspecies chimaeras with human stem 
cells could potentially offer a superior in vivo drug-screening platform. 
Interspecies chimaeric formation using human iPS cells or iPS-cell- 
derived progenitors offers an attractive platform for the personalized 
in vivo testing for drug efficacy and toxicity. This approach holds the 
potential to be a robust preclinical testing platform for more accurate 
predictions of clinical outcomes. 


Ethical, legal and social issues 

In his January 2006 State of the Union address, President George W. Bush 
asked Congress to pass the ‘Human Chimaera Prohibition Act’ that would 
have made many activities that involve the mixing of human genes, cells, 
or tissues with those of non-human animals illegal®*. Ten years later, polit- 
ical, ethical, and social concerns about chimaeras remain. 


The issues 

Four major ethical and social issues exist concerning research with, and 
potential human clinical use of, chimaeras: animal welfare, sources of 
donor cells, general public discomfort with chimaeras, and the ‘human- 
izatiom of the host species. 

With chimaeras, as with any new intervention with non-human 
animals, the pain or disability the animals could suffer may be hard to 
predict. Researchers must therefore be more sensitive to the possibility 
of pain and suffering than with existing, well-characterized laboratory 
animals***°. If chimaeras were ultimately developed to provide trans- 
plants for humans, carnivorous societies should not ban their use, but 
their humane treatment and slaughter would be essential. 

Although widely legal for research use, some people consider the use 
of human ES cells or of cells derived from aborted fetuses unethical; this 
would be true for chimaeras as well. 

Public discomfort, sometimes expressed as concerns about ‘unnatural- 
ness, clearly exists around chimaeras. These seem to boil down to a belief 
that any species mixing is inherently wrong*®. Whether public concerns 
without a good logical basis*” should be considered ‘ethical’ issues is debat- 
able, but this could have a considerable effect on research and its funding. 

The most controversial aspect of human-non-human chimaeras 
has been the fear that they may in some way confer ethically important 
human characteristics on non-human hosts. Substantial discussion of the 
humanization concern started around 2003 (ref. 88) and has continued 
for several years***>°-9!, The precise concerns about humanization have 
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remained unclear. One author argues that three specific characteristics of 
human-non-human chimaeras should be carefully examined: human-like 
cognitive abilities, human gametes, or human-like appearances”. Most 
discussion has focused on the brain; some suggest that chimaeras could 
lead to moral confusion of humans and non-humans* or diminution of 
human dignity*?"*, One powerful, albeit unlikely, concern is that such 
chimaeras could achieve sufficient human-like consciousness or intelli- 
gence to ‘deserve’, but be denied, personhood”!. Others merely note that 
the issue is controversial and argue that researchers should be very careful 
with research that could be seen as possibly giving the host some human- 
like cognitive abilities***°, 

As parts of this Review have indicated, the creation of a non-human 
animal with a substantially human brain, or with enough human char- 
acteristics to warrant human treatment” seems, at present, unlikely— 
especially given the possible measures to limit unplanned spread of the 
stem cells. The possibility cannot be entirely dismissed; one study has 
already shown improvements in mouse memory after insertion of human 
glial progenitor cells!* and the increasing use of naive human PS cells may 
lead to wider differentiation. 


Laws, regulations and guidance 

Different national laws and regulations concerning laboratory animal 
care and use exist, as they do for proper treatment of animals reared for 
food. These need only to be carefully applied to novel chimaeric animals. 
Similarly, varying national laws and regulations govern the use of fetal 
tissue or human ES cells in research. Because chimaera research might 
produce dramatic results, public attention could easily be brought to these 
issues. The following case, concerning the United States, may indicate how 
some these concerns may be handled. 

In the late 1980s, the United States banned the federal funding of 
research with fetal tissue”®. The 1993 NIH Revitalization Act”® author- 
ized federal funding for research involving appropriately obtained fetal 
tissue. Recent controversy over Planned Parenthood’s acquisition of fetal 
tissue for transfer to researchers has revived controversy about this statute. 

Similarly, federal funding for research that could create human ES cells 
has been banned since 1995. In 2000, the Clinton administration con- 
cluded that this allowed federal funding of research to study human ES 
cell lines that others had created using non-federal funding. The Bush 
administration stringently limited the extent of such funding, although 
the Obama administration broadly permitted it in 2009—a position that 
was upheld by a federal appellate court”’”. The position, however, can be 
changed by legislation or by a policy decision introduced by a new pres- 
ident. (Note that, in the United States, this issue has mainly concerned 
federal funding for research, not limitation of non-federally funded 
research.) 

Of the ethical concerns surrounding the generation of chimaeras, 
humanization has received the most attention, largely through guidance 
rather than law or regulation. Human-non-human chimaera research 
has been addressed as part of general guidelines from the following bod- 
ies: the US National Academy of Sciences (NAS) in 2005 (ref. 98); the 
International Society for Stem Cell Research (ISSCR), first in 2006 (ref. 99), 
then updated in 2016 (ref. 100); and the UK Academy of Medical Sciences 
in 2011 (ref. 101). Specific guidance on chimaera research came from the 
ISSCR ethics committee in 2007 (ref. 85), while a group based at Johns 
Hopkins provided ethical recommendations for research inserting human 
cells into the brains of non-human primates’, The guidelines urge that 
the insertion of human stem cells (or tissues) into non-human animals 
be reviewed by oversight committees. Under the NAS guidelines, when 
a committee reviews a protocol, “particular attention should be paid to 
the probable pattern and effects of differentiation and integration of the 
human cells into the non-human animal tissues”. The NAS guidelines 
also ensure that the animals that have received human cells or tissues are 
not allowed to breed, for fear that they may produce human gametes. 
These guidelines also contain some useful specific prohibitions, such as 
those on placing any ES cells in human blastocysts or human ES cells into 
the blastocysts of non-human primates. 
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If properly applied, these guidelines should help to assuage concerns 
regarding humanization. After considering the likely patterns of differen- 
tiation and distribution, the overseeing committees should not approve 
research that has a considerable chance of potentially conferring human 
cognitive characteristics onto chimaeras or creating a human appearance. 

No regulations or guidelines directly address unspecified public 
concerns about chimaeras. One group urged that researchers react to 
these worries by being open and transparent about their research, while 
regularly making the case that such research is important’. 

The real consequences of ethical and social concerns about chimaeras 
are not ancient history. In September 2015 the US NIH announced a 
moratorium on funding any research in which human pluripotent cells 
or human neural progenitor cells were placed into any non-human ver- 
tebrate embryo before gastrulation’; however, the reasons for this were 
unclear. In November 2015, the NIH held a workshop to discuss these 
issues and, in August 2016, issued a draft policy calling for an internal NIH 
committee to review applications for some types of human-non-human 
chimaera funding'®>!©°, The recent US presidential election adds consid- 
erably uncertainty to the future of this line of research. 


Conclusion and outlook 

Notwithstanding any ground-breaking advances in generating animal 
interspecies chimaeras, there are currently more questions than answers 
concerning human-non-human chimaeras. It is not known whether 
more extensive chimaerism can be obtained between humans and other 
more related species, nor is it known whether human organs generated in 
chimaeras, with host nerves and vasculature, will be suitable for transplan- 
tation. In this regard, strategies such as the humanization of host animals 
and/or multi-lineage complementation may help. Fundamental problems 
remain, such as how best to resolve heterochronic developmental processes 
and inherent differences in gestation length between humans and other 
species; whether or not xeno-generated human cells, tissues and organs 
would be functionally compatible with human physiology; and whether 
it is possible to generate human cells that are able to compete equally 
with host cells. 

The development of strategies to enhance the degree of human- 
animal chimaerism, such as those described in this Review, will be neces- 
sary if interspecies chimaeras are to reach their full biological and clinical 
potential. Engineering approaches to confer human stem cells with novel 
genetic circuits that monitor and control specific cell behaviours may help 
to overcome some of the present human-animal interspecies barriers. 
Similarly, engineering approaches to humanize animal models may help 
to lower the threshold of xenotransplantation. If successful, these new 
approaches, rooted in the fields of cell and developmental biology, may 
expand the breadth of chimaera research from the laboratory into potential 
clinical applications. This could aid the development of new drug screening, 
efficacy and toxicity methodologies, as well as the creation of disease 
models that may ultimately enhance diagnosis and improve the treatment 
of numerous pathologies. 

Although the way ahead has many scientific, medical, ethical, political, 
financial, and other challenges and not everything that can be done in the 
field of chimaera research should be done, we owe it to future generations 
of patients and scientists to think about these challenges and experimen- 
tally proceed forward with consensual ethical, legal and social guidelines. 
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Organization and functions of mGlu and 
GABAg receptor complexes 


Jean-Philippe Pin!? & Bernhard Bettler? 


The neurotransmitters glutamate and y-aminobutyric acid (GABA) transmit synaptic signals by activating 
fast-acting ligand-gated ion channels and more slowly acting G-protein-coupled receptors (GPCRs). The GPCRs for these 
neurotransmitters, metabotropic glutamate (mGlu) and GABAg receptors, are atypical GPCRs with a large extracellular 
domain and a mandatory dimeric structure. Recent studies have revealed how these receptors are activated through 
multiple allosteric interactions between subunit domains. It emerges that the molecular complexity of these receptors is 
further increased through association with trafficking, effector and regulatory proteins. The structure and composition 
of these receptors present opportunities for therapeutic intervention in mental health and neurological disorders. 


glutamate and GABA, produce fast synaptic responses (<10ms) 

by activating ligand-gated channels. Additionally, they influence 
neuronal and glial processes over a slower timescale (sub-seconds to 
minutes) by activating mGlu receptors (mGluRs) and GABAg recep- 
tors (GABAgRs). These receptors activate intracellular heterotrimeric 
G proteins that regulate enzymes and ion channels influencing neuronal 
firing, plasticity processes and network activity (reviewed in refs 1, 2). 
Owing to their modulatory effects on neuronal excitability, mGluRs 
and GABAgRs are widely considered to be attractive drug targets for 
neurological and mental health disorders. GABAg: agonists are in use to 
treat muscle spasms, alcohol dependency and cataplexy associated with 
narcolepsy’. Proof-of-concept clinical studies have validated mGlu ligands 
for the treatment of anxiety, schizophrenia, Parkinson's disease, depres- 
sion, drug dependency, autism spectrum disorders, obsessive-compulsive 
disorders, Rhett syndrome and gastro-oesophageal reflux disease*?. 
However, adverse side effects (mainly dizziness, nausea, epileptiform 
activity, sedation and motor impairment) limit the use of GABA, com- 
pounds and hinder development of mGlu drugs. Recent biophysical 
and structural studies have greatly improved our understanding of the 
structural bases of mGluR and GABAgR activation and modulation. This 
provides a foundation for developing drugs with a tailored mode of action 
and possibly fewer side effects. 

GABAgRs and mGluRs are class C GPCRs that also include Ca?*- 
sensing receptors, sweet and umami (the savoury taste of glutamate in 
humans) taste receptors. Class C GPCRs are structurally more complex 
than other GPCRs. They form constitutive dimers and each subunit is 
made of a large extracellular Venus flytrap domain (VFTD) that binds 
agonists and links to a G-protein-activating seven-transmembrane 
domain (7TMD)*. For the GABAgRs, three principal subunits, GABAgia, 
GABAgip and GABAgp, constitute two fully functional heterodimeric 
GABAg(iaz) and GABAgcib,2) receptors coupling to Gijo-type G proteins” 
(Fig. 1a). Compared to GABAg i», GABAg), contains two extracellular 
sushi domains at its N terminus that traffic GABAjcja,2) receptors to axon 
terminals!*. As with mGluRs, the eight subunits subdivide into three 
groups: group I (mGlu,; and mGlus) are mostly postsynaptic receptors 
that are coupled to G, proteins, whereas group II (mGluz and mGlus), 
and group II (mGluy, mGlu,¢, mGlu; and mGlug) are mostly presynaptic 
receptors that are coupled to Gi. proteins”. Subunits of mGluRs typically 


Uy 1 he main excitatory and inhibitory neurotransmitters in the brain, 


constitute homodimeric receptors but recent studies revealed the existence 
of heterodimeric receptors made of specific subunit combinations’, which 
potentially generates 11 additional receptors (Fig. 1b). 

Here we describe biophysical and structural studies that revealed 
the mode of activation of dimeric GABAsRs and mGluRs. Proteomic 
approaches, mainly with the GABAgRs, revealed how receptor-associated 
proteins work together with principal receptor subunits and G proteins to 
produce a variety of molecularly and functionally distinct multiprotein- 
receptor complexes. Through proteomic approaches, novel signalling 
pathways for GABAgRs have also been revealed, which has implications 
for our understanding of receptor function in the nervous system and 
also presents opportunities for drug discovery. The progress made with 
GABAgRs and mGluRs may also help our understanding of other GPCRs 
that form heteromers and associate with partner proteins. 


Receptor oligomers and signalling efficacy 

GABAgRs have provided the first indisputable example for obligate 
GPCR heterodimers because two structurally related subunits, GABA3; 
and GABAgy, are necessary for the formation of a functional receptor in 
transfected cells’. The heteromeric structure of GABAgRs was validated 
in vivo using genetic!, biophysical! and biochemical approaches!!™. It is 
well-established that GABAg; contains the agonist-binding site, whereas 
GABAg) couples to the G protein? (Fig. 1a). GABA, also allosterically 
increases agonist affinity at GABAg, (ref. 7). 

Assembly of multiple subunits is associated with an increased risk of 
protein misfolding'*. GABAgRs therefore pass through a quality control 
system that prevents unfolded and unassembled subunits from exiting 
the endoplasmic reticulum. Quality control relies on the arginine-based 
endoplasmic-reticulum-retention motif RSRR (Fig. 1a) that keeps 
GABAg, in the endoplasmic reticulum by binding to the prenylated Rab 
acceptor family 2 (PRAF2) protein'’. The retention motif is located dis- 
tal to a coiled-coil domain in GABAg; that interacts with a coiled-coil 
domain in GABAgp (ref. 16) (Fig. 1a). Coiled-coil interaction competi- 
tively displaces PRAF2 from GABAg; by rendering the RSRR motif inac- 
cessible, thereby releasing the heterodimeric receptor complex from the 
endoplasmic reticulum. 

mGlu subunits also form dimers that are constitutively stabilized by 
an inter-subunit disulfide bridge®!”~'? (Figs 1b, 2a). A dimeric assembly 
is necessary for agonist activation, as shown by analysis of purified 
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Figure 1 | Oligomerization of GABAgRs and mGluRs. a, The minimal 
functional units of GABAgRs are constitutive heterodimers of GABAg},q 
(1a) or GABAgip (1b) subunits with the GABA > (2) subunit docked to 
the heterotrimeric G protein (a8y)!7. The heterodimer is stabilized by 
coiled-coil interactions. The GABAg), subunit contains two N-terminal 
sushi domains (SDs) that mediate axonal localization of the receptor, 

and the GABAg), subunit mediates dendritic localization’. The 

GABA binding site is confined to the VFTD of the GABAg; subunit. 
Heterodimers may further dynamically self-assemble into tetramers 
(dimers of heterodimers) or even higher-order oligomers, at least partly 
through interactions between the VFTD of the GABAg; subunits’®!)734, 
Tetramers exhibit negative cooperativity and activate the G protein 

less efficiently’®. It is unknown whether tetramers can activate more 

than one G protein. b, mGluRs assemble into constitutive homodimers 
stabilized by intermolecular disulfide bridges (S-S) in their VFTDs”!7~??. 
Glutamate binding to the VFTDs of both subunits is required for efficient 
signalling’’, but only one of the two subunits activates the G protein at a 
time**. mGluRs can form heterodimers within their classification groups 
and between group-II and -III (ref. 9) in transfected cells. mGlu,.-mGlu, 
heterodimers have been identified in native tissue based on unique 
pharmacological properties”!. mGlu,;-mGlus (ref. 22) and mGlu;-mGlug 


(ref. 99) are likely candidates for in vivo heteromers on the basis of 
proteomic and expression data, respectively. 


Heterodimers 
constitutive 


Unique pharmacology 


monomers and dimers reconstituted into lipid nanodiscs””. In contrast 
to GABAgRs, mGluRs were for a long time thought to exclusively form 
homodimers, owing to largely non-overlapping expression patterns in 
the brain. However, quantitative fluorescence resonance energy transfer 
(FRET) experiments revealed the existence of mGlu heterodimers in 
transfected cells, composed of either group I, or group II and group 
III subunits? (Fig. 1b). Experimental support for the existence of het- 
erodimeric mGluRs in native tissue is still scarce, but pharmacological 
and proteomic evidence supports the existence of mGlu,-mGlu, and 
mGlu,-mGlu; heterodimers in vivo?}”?. 

There is a consensus in the field that mGluRs are limited to strict 
dimers and do not form higher-order complexes”!”"%, although this 
remains to be confirmed with native receptors. By contrast, several studies 
show that GABAgRs form tetramers or larger complexes through dynamic 
self-assembly of heterodimeric units'®??4 (Fig. 1a). Single-molecule 
tracking studies in living cells show that most GABAgRs form tetramers 
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Figure 2 | Structural models of dimeric mGluRs and GABAgRs in the 
inactive and active states. a, The inactive mGluR model is based on the 
dimeric mGlu; VFTDs (Protein Data Bank (PDB), 3SM9), to which the 
cysteine-rich domains (CRD) were added according to the extracellular 
domain of mGlu3 (PDB, 2E4U)”*. The active dimeric extracellular domain 

is based on the structure of mGlu; bound to glutamate with the relative 
orientation of the extracellular domains of the symmetric mGlu; VFTD 
dimer”’. The flexible loops are covalently linked by a disulfide bond (S-S). 
The inactive dimeric 7TMDs are based on the association of the mGlus 
7TMD structure (PDB, 4009)** through TM4 and TMS (depicted in dark 
green and blue)’. The active form model with associated nucleotide-free G 
protein was based on the 32-adrenergic-receptor-G-protein complex (PDB, 
3SN6) associated with an inactive 7TMD of mGlu, through TM6 (depicted 

in magenta)”. Note that it is unknown how the extracellular domain interacts 
with the 7TMD. b, Top view of the 7TMD dimers in their proposed inactive 
and active states. c, The inactive and active models of the GABAgR (GABAg; 
in yellow, GABA) in blue) correspond to an apposition of the solved structures 
of the heterodimeric VFTDs with the GABAg; VFTD bound to antagonist 
(PDB, 4MR7) or GABA (PDB, 4SM3)”’, with the model of the 7TMD dimers 
generated similar to that of the mGluR. It is, however, neither known whether 
the GABAgR 7TMDs are associated similarly to those of mGluRs, nor whether 
they undergo a similar change in conformation during activation. 


at low receptor density and larger complexes at high density”. The exist- 
ence of higher-order GABAgR complexes is supported by analysis of 


solubilized native receptors and by freeze-fracture electron microscopy 
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Figure 3 | Ribbon views of the 7TMDs of mGlu,, mGlus and the 
(2-adrenergic receptor (82-AR), with bound FITM, mavoglurant 

and (S)-carazolol. a, Superposition of the mGlu, (light blue, PDB, 40R2) 
and mGlus (light magenta, PDB, 4009) 7TMD structures, illustrating the 
different binding sites for FITM (to mGlu;, blue) and mavoglurant (to mGlus, 
magenta). b, c, Superposition of the mGlu5 and 82-AR (light green, PDB, 
2RH1) structures from the side (b) and from the top (c), highlighting the 
deeper location of mavoglurant compared to (S)-carazolol (to $2-AR, green). 


in hippocampal neurons'!. Higher-order GABAgR complexes are also 
revealed in FRET studies with tagged or antibody-labelled subunits in 
neurons!”. The two GABAg; subunits in tetramers contact each other, and 
the four VFTDs are probably organized similarly to the VFTDs of a-amino- 
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors”. 
GABAgR tetramers are stable, with no exchange of heterodimers within 
pre-existing tetramers’®. Tetrameric assembly of GABAgRs restricts 
G-protein activation”’, but may allow interaction of the G protein with 
other receptor-interacting proteins. Clearly, more work is necessary to 
determine the functional relevance of higher-order GABAgR complexes. 


Active and inactive receptor structures 
The X-ray structures of isolated mGlu VFTDs revealed that agonists 
stabilize the closed conformation of the VFTDs”**8. This was later also 
observed with the GABAp,; VFTD”. In line with the structural data, 
mutations that prevent or stabilize VFTD closure lead to inactive or 
constitutively active receptors, respectively*°**. VFTD closure therefore 
constitutes a first step in the mGluR and GABAgR activation process (Fig. 2). 
Recently, the 7TMD structures of mGlu, and mGlus were solved*3-75 
(Figs 2, 3). The 7TMD organization is similar to that of class A GPCRs, 
despite considerable sequence divergences. The 7TMD is arranged 
around the third transmembrane domain (TM3), which is centrally 
located at the extracellular side of the membrane (Fig. 3). Compared to 
class A GPCRs, the helices are more compact, with an inward shift of 
TMS that renders the surface area composed of TM4, TM5 and TM6 
quite flat. The 7TMD structures were solved in the presence of the 
negative allosteric modulators (NAMs) FITM (for mGlu,) and mavo- 
glurant (for mGlus), the latter compound is under clinical evaluation 
for levodopa-induced dyskinesia and obsessive-compulsive disorder. 
These NAMs stabilize an inactive 7TMD conformation and interact 
in a cavity located centrally between TM3, TM5, TM6 and TM7. The 
FITM-binding site corresponds to the binding site of small ligands in 
many class A GPCRs, located above the tryptophan residue in TM6 
that is conserved in both class A and C GPCRs. Mavoglurant binds 
deeper in the 7TMD core, entering a narrow cavity that can adapt 
several mGlus-specific ligands. Distinct binding pockets for NAMs in 
mGlu,; and mGlus reveal that multiple sites in class C 7TMDs can bind 
allosteric modulators. Mutagenesis and modelling also demonstrated 
distinct allosteric sites and binding modes within the 7TMD of mGlus 
and mGluy, (refs 36,37). These structural observations need to be related 
to the differing pharmacological properties of allosteric modulators. 
For example, some NAMS are inverse agonists** while others are partial 
inhibitors*®. Likewise, some but not all positive allosteric modulators 
(PAMs) display strong agonist activity*’, whereas others bias intracellular 
signalling to specific pathways”. Structural considerations may therefore 
guide the development of compounds with tailored properties. 
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Dimerization of class C GPCRs is required for agonist activation of 
the 7TMDs but not for G-protein coupling”®. Isolated 7TMDs of mono- 
meric mGluRs fully activate the G protein upon binding of compounds 
that act as PAMs at the full-length receptor dimer”. It is assumed that 
the 7TMDs of class C GPCRs undergo a similar conformational change 
as class A GPCRs when activating the G protein. Similar to most class 
A GPCRs, an ionic lock is found at the intracellular side of mGluRs**** 
and GABAgRs"". This lock is different from class A GPCRs and involves 
glutamate or aspartate (TM6) and lysine (TM3) residues that are highly 
conserved in class C GPCRs. The ionic lock stabilizes the inactive closed 
7TMD conformation on the cytoplasmic side. Accordingly, mutation of 
the ionic lock in GABAgRs leads to increased agonist affinity“, whereas 
mutation in mGlus leads to increased constitutive activity. 


Allosteric interactions and receptor activation 

No X-ray structure of a full-length class C GPCR is available yet. 
Nevertheless, much information on how the closure of the VETD acti- 
vates the 7TMDs is available. In mGluRs, the VFTDs associate through 
a hydrophobic interface in the N-terminal lobes (lobe I). The dimeric 
structure is stabilized by an inter-subunit disulfide bond connecting two 
flexible loops at the top of the VFT'Ds (Fig. 2a). X-ray structures suggested 
a major reorientation of the two domains when bound to an agonist ver- 
sus an antagonist, with lobe II on each C terminus being closer together 
in the agonist bound form” (Fig. 2a). This is consistent with FRET stud- 
ies with full-length receptors expressed at the cell surface of transfected 
cells and with cross-linking experiments locking the VFTD dimers in 
either the active or inactive orientation”. Single-molecule FRET studies 
revealed that isolated VFTD dimers oscillate between active and inactive 
orientations in the sub-millisecond time scale*’, consistent with addi- 
tional structural data showing that inactive and active dimer orientations 
also occur when bound to agonists and antagonists, respectively”*”. Fast 
conformational dynamics were not seen when analysing full-length receptors 
with single-molecule FRET“, possibly owing to a lower time resolution of 
the technique used or because the 7TMDs limit VFTD dynamics. Overall, 
the data support that ligands act on pre-existing states (selection model of 
allostery) rather than by inducing a specific conformation of the receptor 
(conformational induction model). In addition, single-molecule analysis 
of full-length dimers revealed an intermediate conformational state that 
may be essential for the transition from the inactive to the active VFTD 
dimer orientation’. Single-molecule FRET studies revealed that agonists 
act by controlling the equilibrium constant between different states, 
leading to a higher proportion of receptors in the active state’, which is 
in line with the selection model of allostery. Accordingly, a partial agonist 
was found to be less efficient in stabilizing the active state than the full 
agonist glutamate, 

In the mGluR dimer, closure of one VFTD in response to glutamate is 
sufficient to activate the G protein, but closure of both VFTDs is required 
for maximal activation!®. It appears that a smaller distance between the 
VFTD C termini increases the coupling efficacy of the receptor dimer. The 
movement of the VFTD C termini is amplified through the cysteine-rich 
domain (Fig. 2a), a rigid extension at the bottom of the VFTD, as revealed 
by the X-ray structure of the entire N-terminal extracellular domain of 
mGlu; (ref. 28). The link between the VFTD and the cysteine-rich domain 
is rigidified by a disulfide bridge interconnecting these two domains, 
which is essential for communication of the VFTDs with the 7TMDs”. 
The dimeric extracellular domains of the receptor principally control the 
distance between the TM1 domains, and thereby the relative position 
of the 7TMDs. Movements of both 7TMDs in mGluRs were confirmed 
through FRET experiments**. Detailed analysis revealed a two-step 
process: first a relative movement between the 7TMDs with a half-life 
(t1/2) of approximately 25 ms, and a second conformational change in 
only one 7TMD with a t)/2 of approximately 10 ms*”. In agreement with 
this process, previous functional studies indicate that the 7TMD dimer 
of homodimeric receptors is asymmetric, with only one 7TMD active at a 
time*®. Analysing spontaneous crosslinking events of cysteine mutations 
in the 7TMDs revealed that the two subunits mainly interact through 
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TM4 or TMS in the inactive conformation, whereas crosslinking of both 
TM6 is favoured in the active conformation”? (Fig. 2b). Accordingly, TM4 
or TM5 crosslinking prevents agonist activation of the receptor, whereas 
TM6-TM6 crosslinking generates a constitutively active receptor”. 
In summary, the current model of mGluR activation proposes that the 
closure of the VFTDs stabilizes a different relative orientation of the 
VFTDs that brings the TM1 of the two 7TMDs closer together (Fig. 2a). 
The resulting rotation of one 7TMD relative to the other allows the two 
TM6 to contact each other, which results in the activation of one 7TMD 
(Fig. 2b). A change in the interaction between the linker connecting TM1 
to the cysteine-rich domain and the extracellular loop 2, as observed in 
the mGlu, 7TMD structure*4, may also control the 7TMD conformation. 
Only one G protein can bind in the TM6 dimer of mGluRs, thus stabi- 
lizing only one 7TMD in its active conformation”. Alternatively, steric 
hindrance within the active 7TMD dimer interface prevents movement of 
both TM6 domains, thus enabling only one subunit to be active at a time. 
These observations provide a structural hypothesis for the asymmetric 
activation of both class C and class A GPCR dimers”. 

GABAg Rs and mGluRs share similar VFTDs and 7TMDs, however 
their activation mechanisms differ. GABAgRs lack a cysteine-rich domain 
and only one agonist per dimer is sufficient for full activation” (Fig. 2c). 
Moreover, the GABAg: VFTD does not close during receptor activation®. 
The relative movement between the VFTDs that is sufficient for GABAgR 
activation is much smaller than in mGluRs, as revealed by the crystal 
structures of the GABAg VFTD heterodimer with and without bound 
agonist”? (Fig. 2c). GABAg; VFTD closure in response to agonist bind- 
ing leads to activation of the GABAg2 7TMD in two synergistic ways: 
(1) through a conformational change in the GABA, 7TMD activating 
the GABAp2 7TMD; and (2) through the GABAp? VFTD stabilizing the 
closed form of the GABAp; VFTD and activating the GABAp2 7TMD"". 
The compactness of GABAgRs therefore enables activation of one 
7TMD per dimer through a direct allosteric coupling between associated 
domains that requires minimal relative movements between domains. 

The models of mGluR and GABAgR activation suggest a mode of 
action for allosteric modulators acting in the 7TMDs. NAMs probably 
prevent the 7TMDs of the two subunits of mGluRs” and the GABAg> 
subunit of GABAgRs* from reaching an active conformation. By contrast, 
PAMs probably stabilize an active conformation of at least one 7TMD 
upon agonist activation in the VFTDs. This is well illustrated by the 
agonist activity of PAMs at 7TMDs that lack the extracellular domain™. 
This implies that the extracellular domain prevents PAMs from directly 
activating the 7TMD. However, some PAMs display agonist activity and 
activate the receptor without agonist binding in the VFTD. The reason 
for this agonist activity is unclear but may relate to the different binding 
modes of PAMs in the 7TMDs, as proposed for mGluy (ref. 37). 


Receptor-associated proteins 

GPCR kinases (GRKs) and arrestins usually regulate internalization, 
desensitization and intracellular signalling of GPCRs**. However, mGluR 
and GABAgR responses desensitize in the absence of GRK enzymatic 
activity>°°’ and arrestins are not required for receptor internalization®™*”. 
These findings gave rise to efforts to identify other proteins that regulate 
GABAgR and mGluR signalling. Numerous receptor-associated proteins 
were identified using yeast two-hybrid screens and related approaches 
(reviewed in refs 60-64). Unfortunately, many of these proteins were 
not validated for their interaction with native receptors. Here we dis- 
cuss the ensemble of proteins that directly or indirectly interact with the 
native receptors (referred to as the GABAgR and mGluR interactomes; 
Tables 1, 2). 


The GABAgR interactome 

Comprehensive proteomic approaches identified approximately 
30 high-confidence components of GABAgRs in the rodent brain!)!*®, 
Surprisingly, most of these components have neither been linked to GPCR 
signalling nor were they isolated in previous yeast two-hybrid screens, 
which may miss interacting proteins with multiple contact points. 


REVIEW 


Conversely, proteins selectively identified in yeast two-hybrid screens may 
represent transient interactors or proteins of low abundance in native 
receptor complexes!”. The components of native GABAgRs generally 
exhibit differential spatiotemporal expression patterns in the brain, thus 
limiting the number of possible receptor constituents in individual cells 
and supporting a modular composition of receptors”. 

Highly enriched in native GABAgR complexes are the four cytosolic 
Kt-channel tetramerization-domain (KCTD) proteins KCTD8, KCTD12, 
KCTD12b and KCTD16 (referred to as the KCTDs)!!" (Table 1). The 
KCTDs form tetramers that constitutively bind to the GABA C-terminal 
domain!’. KCTD tetramers additionally bind to G protein By subunits 
and tether the G protein to the receptor®. Pre-assembly of the G protein 
to the receptor renders signalling independent of random collision 
coupling® and accelerates G-protein signalling®. KCTD12 and KCTD12b 
also induce a fast (within seconds) desensitization of receptor-induced 
K* currents by occupying an activity-dependent binding site on the Gz, 
subunits®. Mechanistically, activity-dependent binding of KCTD12 
uncouples the G3, subunits from effector KT channels, which desensitizes 
K* currents. KCTD8 selectively reduces tonic G-protein activation by the 
receptor and thereby decreases agonist-independent signalling’, whereas 
KCTD16 serves as an adaptor for effector channels and other associated 
proteins’? (Table 1). The KCTDs are widespread GABAsR components 
that qualify as auxiliary receptor subunits. Reverse-affinity purification 
experiments support that the KCTDs exclusively bind to GABAgRs 
and not to other GPCRs!2°°. However, the KCTDs may influence other 
GPCRs through their binding to Gg, subunits®. Principal GABA ) and 
GABA, subunits and auxiliary KCTD subunits, together with the G pro- 
tein, are now viewed as the core building blocks of GABAgRs (Table 1). 

Peripheral building blocks bind to core building blocks and generate 
receptor complexes with unique functions and localization. Peripheral 
interactors comprise effector channels, elements of the presynaptic 
release machinery, sushi-domain-interacting proteins, neuronal adhe- 
sion molecules and proteins that regulate G-protein signalling’? (Table 1). 
Several proteins bind to the core building blocks transiently and regulate 
receptor surface expression (Table 1). The proteomic data support that 
peripheral components interact with the receptor either through the 
C-terminal domains of GABAg; and/or GABA or through KCTD16 
or the sushi domains of GABAgia. 

Proteomic analysis revealed unanticipated GABAgR effector channels. 
KCTD16 was shown to scaffold hyperpolarization-activated cyclic- 
nucleotide gated (HCN) channels at the receptor, which promotes HCN 
channel activation through receptor-induced hyperpolarizing Kir3 
currents’, Preventing the GABAgR-HCN interaction in KCTD16 knockout 
mice interferes with HCN channel activation and influences the shape and 
propagation of synaptic potentials!*. Moreover, GABAg) associates in a 
ligand-independent manner with transient receptor-potential vanilloid 1 
(TRPV1) channels in dorsal root ganglia®*. Pharmacological activation of 
GABAg, inhibits TRPV1 sensitization in inflammatory pain conditions, 
thus making GABAg) a drug target for chronic pain indications™. 

Most of the receptor-associated proteins identified in native tissue associ- 
ate with GABAg),- and GABAgip-type receptors”, Notable exceptions are 
the adherence-junction associated protein-1 (AJAP1), amyloid-precursor 
protein (APP), amyloid-precursor-like protein-2 (APLP2) and 
PILR-associated neural protein. These four proteins bind to the sushi domains 
of GABAgi, (Table 1) and are expected to be involved in subcellular localiza- 
tion of GABAg:Rs’. APP simultaneously binds to the sushi domains and to 
the integral-membrane proteins 2B/ C} (ITM2B/C), the c-Jun N-terminal 
kinase (JNK)-interacting protein-3 (JIP-3) and calsyntenin-3, which there- 
fore are secondary interactors of GABAgRs. As JIP-3 and calsyntenin-3 bind 
kinesin-1, they may link GABAg), through APP to the axonal motor!*-71. 

Several proteins of the forward trafficking pathway enrich in purified 
receptor complexes, including reticulocalbin-2, calnexin and 14-3-3 family 
members’? (Table 1). 14-3-3 proteins are proposed to dissociate and 
impair GABAgR heterodimers in spinal cord neurons and to underlie 
chronic pain conditions”. 14-3-3 proteins also uncouple GABAgRs from 
Kir3 channels to mediate anti-depressant effects”. 
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Table 1 | GABAgR interactome 


Receptor components Site of interaction GABAgR- related function Refs 
Core components 
GABAgia GABAg2 Agonist binding, presynaptic localization 87 
GABAsip GABAgz2 Agonist binding, postsynaptic localization 87 
GABAg2 GABAgia, GABAgip Obligate heteromer with GABAg1 subunits 11.13 


G-protein subunits 
KCTD8, -12, -12b, -16 


G proteins GABAge2 

KCTD8, -12, -12b, -16 
KCTD8 CT GABAg2 

G protein By subunits 
KCTD12 CT GABAg2 


G protein By subunits 


KCTD12b CT GABAg2 
G protein By subunits 
KCTD16 CT GABAg2 


G protein By subunits 


G protein docking 

nteraction with auxiliary KCTD subunits 

Signalling to effector channels and adenylyl cyclase 65 
nteraction with auxiliary KCTD subunits 

Accelerates G protein signalling 11, 65, 67 
Reduces constitutive activity 
Accelerates G protein signalling 11,65 
nterferes with GBy signalling 
Promotes K*-current desensitization 


Accelerates G protein signalling Interferes with GBy signalling 11,65 
Promotes K*-current desensitization 
Accelerates G protein signalling 11,.12,65 


Scaffolds HCN channels at GABAgR 


Peripheral components with known site of interaction 


AJAP1 SDs GABAsia D, receptor localization? 12 
APP SDs GABAgia D, receptor localization? 12 
APLP2 SDs GABAsia D, receptor localization? 12 
PILR-associated neural protein SDs GABAgia D, receptor localization? 12 
CHOPt CT GABAgi ntracellular retention 61 
CT GABAg2 
Camkll* CT GABAgi Promotes receptor internalization 88 
COPIt CT GABAgi ntracellular retention 61 
CREBt CT GABAgi ediates GABAg effects on gene expression 60, 61 
CT GABAg2 
GABAny2S* GABAgi Promotes surface expression of GABAgi 60, 61 
Enhances agonist-induced receptor internalization 
GISP* CT GABAgi Enhances receptor surface expression 89 
msec-7-1* CT GABAgi Enhances receptor surface expression 12, 60, 61 
PRAF2t+ CT GABAgi Intracellular retention of GABAgi 15 
Syntaxin-1 CT GABAgi Regulates probability of synaptic vesicle fusion 90 
TRPV1 GABAgi Effector channel 68 
Marlin1* CT GABAgi ND, receptor trafficking? 12, 60, 61 
14-3-3 proteins CT GABAgi Impair GABAgR heterodimers 72,73 
KCTD8/16 Uncouple GABAgRs from Kir3 channels 
Mupp1* CT GABAg2 Enhances GABAsg signalling 12,60 
SF* CT GABAg2 Promotes desensitization 12,60 
HCN2 KCTD16 Effector channel 12 
Ca?* channel (Cay2.2) KCTD16 Effector channel 12 
GINIP* G protein aj. subunits Prolongs G protein signalling 12,91 
Calsynt-34 APP/APLP2 D 12 
ITM2B/Ct APP/APLP2 D 12 
JIP-3+ APP D 12 
Peripheral components with unknown site of interaction 
Calnexin ND D 12 
DPP-6/10 D D 12 
GB5 D Binds to RGS7 and fastens K*-current deactivation 92 
GRK4t D Desensitization 57 
euroligin-3 D D 12 
Reticulocalbin-2 D D 12 
Synaptotagmin-11 D D 12 
The principal subunits GABAgia, GABAgip and GABAg2 assemble into two heterodimeric receptors composed of a GABAgi and a GABAge subunit’. GABAgia differs from GABAgip by a pair of extracellular 
sushi-domains (SDs) that function as axonal trafficking signals®” and bind AJAP1, APP, APLP2 and PILR-associated protein. Auxiliary KCTD8, -12, -12b and -16 proteins bind to both the C terminus 
(CT) of GABAgz and the G protein 8+ subunits, which preassembles the G protein at the receptor and regulates kinetic properties of the receptor response®>. KCTD8 and KCTD16 also scaffold effector 
channels and 14-3-3 proteins at the receptor’. Principal and auxiliary receptor subunits, together with the G protein, constitute the core components of the receptor to which several peripheral 
components can bind to. Secondary interactors (indicated with +) do not directly bind to core receptor components. Assembly with peripheral components generates a variety of molecularly distinct 


receptor complexes that regulate G-protein signalling, receptor localization, surface trafficking, channel gating or neurotransmitter release. Most proteins identified in native receptor complexes bind to 
receptors assembled with GABAgia and GABAgip. Exceptions are proteins that directly bind to the sushi domains of GABAgia and secondary interactors binding to APP or APLP2 (ref. 65). 

Proteins that are present in purified native receptor complexes but do not fulfill stringent significance criteria!, possibly because they transiently interact with the receptor. 

}Proteins that were not found in purified native receptor complexes but for which functional effects on GABAgR signalling were reported. ND, not determined. 


The mGluR interactome 


proteins (for example, Homer, GRIP-1, NHERF-2, PICK-1, tamalin), 


Unbiased comprehensive affinity purifications of native mGluRs are ion channels (for example, Ca* channels, NMDA receptors), signalling 
missing. Most proteins that interact with mGluRs have been identified molecules (for example, calmodulin, GRK2, ephrin-B2) and elements 
using yeast two-hybrid screens or affinity purifications with synthetic of the cytoskeleton (for example, filamin-1, microtubule-associated 
peptides (reviewed in refs 63, 64). Interacting proteins include scaffold _ protein-1B). Currently, G-protein subunits, Ca’* and TRP channels 
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Table 2 | Group | mGluR interactome 
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Receptor components Site of interaction mGluR; s5-related function Refs 
Core components 
mGlu,; Principal subunit forming receptor dimers 9,22 
mGlus Principal subunit forming receptor dimers O22 
G proteins Cavity between IL2 and IL3 Signalling to effectors 48 
Homer1l CT la, 5a/b Regulates localization and signalling to effectors 63,93 
Homerla CT la, 5a/b Promotes constitutive activity 38, 63, 93 
Homer2 CT la, 5a/b Regulates localization and signalling to effectors 63,93 
Homer3 CT la, 5a/b Regulates localization and signalling to effectors 38, 63, 93 
Reduces constitutive activity 
Peripheral components with known site of interaction 
a-Actinin-1,4 CT la/b, 5a/b Enhances surface expression and signalling 64 
Calmodulin CT 5a/b Regulates trafficking and signalling 64,94 
Ca?* channel (Cay2.1) CT la Effector channel 64 
CFTR-associated ligand CT la Regulates ubiquitination and trafficking 64 
Filamin-A CT 5a/b ND 64 
ECAB2 CT 5a/b Reduces constitutive activity, increases agonist potency 64 
GRK2 CT/IL2 1a/b Reduces signalling 64 
HERF-2 CT 5a/b Enhances Gg-mediated Ca** responses, restricts coupling to Gq 64 
MDA receptors (NR1,NR2B) CT la, 5a Reciprocal inhibition 64 
orbin CT la, 5a/b Enhances surface expression and signalling 64 
Optineurin CT la, 5a Reduces signalling 64 
PP1ly CT la, 5a/b ND 64 
Presol CT/Homer Reduces signalling 95 
Shank CT/Homer Couples to PSD and effector systems 63 
Siah-1A CT la, 5a/b Mediates ubiquitination and trafficking 96 
Tamalin CT (PDZ-binding motif) 1a,5a/b Regulates surface expression and localization 64,97 
Calcineurin inhibitor IL2 la, 5a Reduces endocytosis and signalling 64 
Caveolin-1, -23 IL1/IL3 la Reduces endocytosis, constitutive activity and signalling 64 
Cytohesin2+ Tamalin Regulates surface expression and localization 64,97 
IP3 receptor Homer Effector channel 63 
PI3K enhancer Homer Coupling to PI3 kinase pathway 63 
Ryanodine receptor Homer Effector channel 63 
TRPC Homer Effector channel 63, 98 
Peripheral components with unknown site of interaction 
Adenosine Az receptor 5a/b Synergistic signalling 64, 74, 77,78 
Ca**-sensing receptor la Promotes glutamate-induced receptor internalization 64 
Dopamine D2 receptor 5a/b ND 64, 74, 78 
EphrinB2 la, 5a/b Synergistic signalling 64 
u-Opioid receptor 5a/b Modulates endocytosis and pharmacology 76 


The principal subunits mGlu; and mGlus assemble into homodimers and possibly into mGlui-mGlus heterodimers?. mGlu; and mGlus subunit splice variants are denoted 1a, 5a and 5b. Homer 
proteins interact with the C terminus (CT) of mGlui or mGlus and exert both regulatory and scaffolding functions, similar as observed with the KCTD subunits of GABAgRs. G proteins dock to a cavity 
between intracellular loop (IL) 2 and 3 of the principal subunits. Principal subunits, Homer and G-protein subunits constitute the core components of the receptor. As with GABAgRs, it is expected that 
assembly with peripheral components generates a variety of molecularly distinct mGlu; and mGlus complexes with unique functions and localization. In contrast to GABAgRs, several reports suggest 
that mGluRs form heterodimers with class A GPCRs. To date, the peripheral components of mGluRs were mostly validated based on their effects on receptor signalling and trafficking. Few proteomic 
studies with native mGluRs were carried out and the interaction of most peripheral components with native receptors therefore still needs be confirmed. A secondary interactor is indicated with ¢. 


ND, not determined. 


appear to be the sole proteins that bind to both mGluRs and GABAgRs. 
In contrast to the GABAgRs, mGluRs are also reported to associate with 
other GPCRs, including for example, serotonin 5HT2,, dopamine Do, 
\-opioid and adenosine receptors’*-’®. Heteromeric complexes between 
mGluRs and other GPCRs enable a direct allosteric interaction between the 
two GPCR protomers. A notable example is the mGlu;-5-HT>, receptor’®. 
Association with mGluz favours Gj over Gg signalling of the 5HT2, 
protomer (that is, induces biased signalling, a concept that postulates 
that certain agonists or, in this case, association of 5HT24 with mGlu, 
induces a distinct receptor conformation that selectively activates some 
but not all signalling pathways linked to the receptor”). Hallucinogenic 
drugs therefore trigger unique cellular and behavioural responses through 
the 5-HT24-mGlu, complex. mGlu, agonists reverse this signalling bias 
and could potentially be used as antipsychotics to re-equilibrate Gi-G, 
signalling of the complex’°. Functional interactions between striatal 
mGlus, adenosine A, and dopamine D) receptors suggest the possible 
usefulness of a combined use of Az, and mGlus antagonists in the treat- 
ment of Parkinson’s disease and addiction’”*’””*. It is, however, not 
entirely clear whether these functional interactions represent direct 
heteromeric interactions”* or signalling cross-talk. 


Arguably the best-characterized mGluR interactome is that of group I 
mGluRs (Table 2). Cytoplasmic Homer proteins represent core building 
blocks of group I mGluRs and assume both regulatory and scaffolding 
functions. Homer-1a induces constitutive activity of mGluRs in response 
to increased neuronal activity, which scales down synaptic AMPA receptor 
expression®”. This homeostatic scaling mechanism keeps neuronal excita- 
bility constant even with increased neuronal activity*”. Genetic deletion of 
Homer- 1a was recently shown to restore mGlus;-Homer- 1b scaffolds and to 
correct neocortical circuit dysfunctions and behaviours in a mouse model of 
fragile X syndrome". In addition to these regulatory functions, Homer pro- 
teins also link the receptor to some peripheral building blocks (Table 2). Other 
peripheral building blocks directly interact with the C-terminal domain of 
principal subunits (Table 2). Several receptor-interacting proteins exhibit 
specificity for mGlu,;, mGlus or variants thereof (Table 2). Heteromeric 
mGlu,-mGlu; complexes may be physiologically relevant because they allow 
the simultaneous binding of mGlu1- and mGlu5-specific interacting proteins. 


Targeting receptor protomers for drug discovery 
Drug discovery approaches for class C GPCR have previously focused on 


the activation, inhibition and allosteric modulation of the core receptor 
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Figure 4 | Opportunities for influencing mGluR and GABAgR activity 
through orthosteric and allosteric binding sites or through interference 
with protein-protein interactions of receptor components. 

a, Orthosteric and allosteric ligands acting at principal GABAgR and 
mGluR subunits are available*°. To date, only the GABAgR agonists 
baclofen and \-hydroxy butyrate (GHB) are on the market’. Orthosteric 
ligands bind in the VFTDs, whereas allosteric modulators bind in 

the 7TMDs (modulators for GABAgRs selectively act on GABAgp). 
NAMs revealed at least two distinct lipophilic binding pockets in the 
mGlu 7TMD structures***4, which supports the existence of multiple 
allosteric sites in these receptors. Bivalent ligands that selectively bind 

to the mGlus-jt-opioid heteromer were shown to be antinociceptive in 
preclinical models’®. Auto-antibodies blocking the GABA binding site in 
GABAg; have been identified**. Allosteric modulation of the receptors 


protomers*°. Accordingly, the available compounds and marketed 
drugs acting on mGluRs and GABAgRs are small molecules that bind 
to orthosteric and allosteric sites in the VFTDs and 7TMDs (Fig. 4a). 
Notably, some allosteric modulators of mGlus bias the signalling of ortho- 
steric ligands*’, which opens up novel therapeutic opportunities. The 
availability of X-ray structures of the orthosteric and allosteric binding 
pockets may allow broadening of the chemical and therapeutic spec- 
trum of GABAgR and mGluR ligands using structure-based drug design. 
As discussed above, the structures of the mGlu, (ref. 34) and mGlus 
(ref. 33) 7TMDs in the presence of NAMs revealed topographically dis- 
tinct highly lipophilic binding pockets of allosteric modulators. It will 
also be of importance to consider the structure of heterocomplexes when 
searching for new binding pockets and/or chemotypes. There is growing 
interest in using biologics and antibodies to prevent access of agonists 
to their binding sites or to stabilize receptor conformations and thereby 
control signalling. Camelid nanobodies or other antibody scaffolds that 
activate or modulate receptors by exploring the conformational land- 
scape are particularly promising. The regulatory potential of antibodies 
is revealed by the identification of pathological auto-antibodies inhibiting 
the binding of GABA to GABAgRs™. Using antibodies, it may also be pos- 
sible to specifically interfere with the formation of higher-order GABAgR 
complexes (Fig. 4a). Moreover, bivalent ligands binding to both pro- 
tomers or simultaneously to orthosteric and allosteric sites can be used to 
selectively target heterodimeric mGluRs, or to promote specific signal- 
ling pathways. For example, bivalent ligands that selectively interact with 
heteromeric mGlus-1-opioid receptors exhibit potent antinociceptive 
effects’® (Fig. 4a). 


Targeting receptor-associated proteins for drug 
discovery 

The delineation of multiprotein complexes with defined functions iden- 
tifies additional receptor targets that may enable the design of drugs with 
more specific therapeutic effects and less side effects. Although it has 
proven difficult to pharmacologically interfere with protein-protein inter- 
actions using small molecules, brain- and cell-penetrable peptides have 
been shown to disrupt intracellular protein-protein interactions and to 
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b_ Targeting associated proteins 


SD binding proteins 
- Presynaptic targeting (GABA,) 


/ 
f 


Effector channels 

Ca,: action potential backpropagation, 
neurotransmitter release (GABAg) 

HCN: propagation of postsynaptic 
potentials (GABA,) 


N\N 
Cytoplasmic proteins 
Homer: constitutive activity, Ca2*+ release (mGluR) 
KCTD8: constitutive activity (GABAg) 
KCTD12: desensitization, kinetic (GABA,) 
GINIP: kinetic (GABA,) 


by antibodies or ligands interfering with the formation of higher-order 
GABAgR complexes have not been reported yet. b, No small compounds 
targeting protein-protein interactions in mGluRs or GABAgRs are 
available. However, several proof-of-concept experiments reveal that 

a successful interference with associated proteins may be possible. 

For example, preventing the binding of proteins to the sushi domains of 
GABA,g,, interferes with presynaptic GABAgR-mediated inhibition of 
glutamate release in acute hippocampal slice preparations*°. Preventing 
the association of HCN channels with GABAgRs by deleting KCTD16 
increases the inhibition of dopaminergic neurons in the VTA”. Small 
peptides binding to the activity-dependent binding site of KCTD12 on 
G3, induce a pronounced desensitization of receptor-activated K* 
currents, similar to KCTD12 (ref. 65). 


be neuroprotective after intravenous injection. Preventing the binding 
of cytoplasmic Homer proteins to mGlu, and mGlus could, for example, 
be used to reduce tonic receptor activity and to prevent Ca”* release from 
intracellular stores (Fig. 4b). Preventing the binding of KCTD proteins 
to GABAgRs would similarly provide a means to interfere with receptor 
desensitization, tonic receptor activity and coupling to effector chan- 
nels (Fig. 4b). A drug that specifically impairs presynaptic GABAgRs by 
interfering with the binding of proteins to the sushi domains would be 
desirable to selectively increase neurotransmitter release without indis- 
criminately antagonizing all GABAgRs (Fig. 4b). As a proof of concept 
study, a recombinant sushi-domain protein was shown to interfere with 
presynaptic GABAgR function in a dominant-negative manner in acute 
hippocampal slices from mice®. 


Outlook 

There is still much to be discovered about macromolecular GABAgR and 
mGluR complexes. Knowledge of the structure of both the VFTD and the 
7TMD in various conformations already presents opportunities for tuning 
the activity of these receptors with small molecules or antibodies at vari- 
ous binding sites. However, it remains to be understood at the structural 
level how the VFTD controls the activity of the 7TMD. A detailed under- 
standing will require resolution of the structure of the full-length dimer 
in its active and inactive state, with and without associated G protein. 
The physiological relevance of higher-order GABAgR complexes is 
unknown and should be addressed once tools to disrupt these complexes 
are available. Proteomic studies, including reverse-affinity purifications 
of native receptor components, are needed to consolidate the receptor 
interactomes, in particular for mGluRs. Although initial insights into 
the components and their molecular interactions are now available, we 
still lack high-resolution structural information on the exact composition 
and stoichiometry of the complexes. Furthermore, we have very little 
understanding of the structural dynamics of these complexes as they per- 
form their physiological functions. Most importantly, growing efforts are 
needed to understand where these complexes operate in neuronal net- 
works and in cellular subdomains, which can be analysed by using protein 
complementation assays, chemical and photo-crosslinking techniques, 
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and proximity-induced ligation approaches*®. Given the rich interactome 
of class C GPCRs, future experiment should also address whether receptor 
complexes signal intracellularly and through G-protein-independent 
pathways, as observed for class A/B GPCRs*°. Understanding the func- 
tional properties of receptor complexes in their native environment will 
help to guide future efforts to define specific protein assemblies as targets 
for pharmacological intervention in disease. 
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Organisms use endogenous clocks to anticipate regular environmental cycles, such as days and tides. Natural variants 
resulting in differently timed behaviour or physiology, known as chronotypes in humans, have not been well characterized 
at the molecular level. We sequenced the genome of Clunio marinus, a marine midge whose reproduction is timed by 
circadian and circalunar clocks. Midges from different locations show strain-specific genetic timing adaptations. We 
examined genetic variation in five C. marinus strains from different locations and mapped quantitative trait loci for 
circalunar and circadian chronotypes. The region most strongly associated with circadian chronotypes generates 
strain-specific differences in the abundance of calcium/calmodulin-dependent kinase II.1 (CaMKII.1) splice variants. 
As equivalent variants were shown to alter CaMKII activity in Drosophila melanogaster, and C. marinus (Cma)-CaMKII.1 
increases the transcriptional activity of the dimer of the circadian proteins Cma-CLOCK and Cma-CYCLE, we suggest 
that modulation of alternative splicing is a mechanism for natural adaptation in circadian timing. 


Around the new or full moon, during a few specific hours surround- 
ing low tide, millions of non-biting midges of the species C. marinus 
emerge from the sea to perform their nuptial dance. Adults live for 
only a few hours, during which they mate and oviposit. They must 
therefore emerge synchronously and—given that embryonic, larval 
and pupal development take place in the sea—at a time when the most 
extreme tides reliably expose the larval habitat. The lowest low tides 
occur predictably during specific days of the lunar month at a specific 
time of day. Consequently, adult emergence in C. marinus is under 
the control of circalunar and circadian clocks”. Notably, although the 
lowest low tides recur invariably at a given location, their timing differs 
between geographic locations’. Consequently, C. marinus strains from 
different locations (Extended Data Fig. 1a) show local adaptation in 
circadian and circalunar emergence times (Extended Data Fig. 1b, c). 
Crosses between the Jean and Por strains showed that the differences 
in circadian and circalunar timing are genetically determined*” and 
largely explained by two circadian and two circalunar quantitative trait 
loci (QTLs)*. 

Studies on timing variation or chronotypes in animals and humans 
have often focused on candidate genes from the circadian transcription 
translational oscillator. In D. melanogaster, polymorphisms in the 
core circadian clock genes period, timeless and cryptochrome are 
associated with adaptive differences in temperature compensation’, 
photo-responsiveness of the circadian clock* and emergence rhythms”. 
While these studies offer insights into the evolution of known circadian- 
clock molecules, genome-wide association studies!!! and other for- 
ward genetic approaches (reviewed in ref. 12) are essential to provide 
a comprehensive, unbiased assessment of natural timing variation, for 
instance underlying human sleep-phase disorders. While the adap- 
tive nature of human chronotypes remains unclear, the chronotypes 
of C. marinus represent evolutionary adaptations to their habitat. 


Our study aimed to identify the genetic basis of C. marinus adaptation 
to its specific ecological ‘timing niche’ In addition, the genetic dissec- 
tion of adaptive natural variants of non-circadian rhythms’?, as also 
present in C. marinus, may provide an entry point into their unknown 
molecular mechanisms. 

As a starting point for these analyses, we sequenced, assembled, 
mapped and annotated a C. marinus reference genome. 


The Clunio genome and QTLs for timing 

Our reference gnome CLUMA_1.0 of the Jean laboratory strain 
contained 85.6 Mb of sequence (Table 1), close to the previous flow- 
cytometry-based estimate of 95 Mb’, underlining that chironomids 
generally have small genomes!*"'®. The final assembly has a scaffold 
N50 of 1.9 Mb. Genome-wide genotyping of a mapping family with 
restriction-site associated DNA sequencing allowed 92% of the refer- 
ence sequence to be consistently anchored along a genetic linkage map 
(Fig. la and Extended Data Fig. 2), improving the original linkage map 
(Supplementary Methods 5). Automated genome annotation resulted in 
21,672 gene models. Protein similarity and available transcripts support 
14,041 gene models (Supplementary Table 1), within the range of gene 
counts for D. melanogaster (15,507) and Anopheles gambiae (13,460). 
Thus, the very small C. marinus genome appears to be complete (Table 1, 
Extended Data Fig. 3, Supplementary Note 1 and Supplementary Table 2). 
The C. marinus reference genome makes chironomids the third 
dipteran subfamily with an annotated genome reconstructed to chro- 
mosome scale (Fig. la and Extended Data Figs 2, 3b-f). 

We performed a basic genome characterization and comparison to 
other dipterans. We delineated the five C. marinus chromosome arms 
(Supplementary Note 2, Extended Data Fig. 3c and Supplementary Table 3) 
and homologized them to D. melanogaster and A. gambiae by synteny 
comparisons (Extended Data Figs 3 and 4, Supplementary Note 2 and 
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Table 1 | Comparison of the C. marinus genome assembly with 
published model insect genomes 


Clunio Danaus Tribolium Apis 
marinus plexippus*? —castaneum** __ mellifera*® 
Total bases (Mb) 86 278 160 236 
Mapped sequence (%) 92 NA 90 79 
Scaffold N50 (Mb) 19 0.2 1 0.4 
Contig N50 (kb) 79 50 41 41 
AT content (%) 68.3 68.4 67 66 
Completeness (%) 98.0 98.5 NA NA 
Platform Illumina Illumina Sanger Sanger 
+454 + BAC + BAC 


Machine readable super-scaffolding data and the computer source code for the removal of 
repeated edges are supplied as source data files. 454, 454 sequencing (Life Sciences); BAC, 
bacterial artificial chromosome. 


Supplementary Table 3). We also found the ZW-like sex-linked locus 
in C. marinus® outside the X chromosome homologue (Supplementary 
Note 2) and detected an elevated rate of chromosomal re-arrangement 
(Fig. 1a, Supplementary Note 3 and Extended Data Figs 2, 3b-f, 4). 
Taken together, the C. marinus reference genome appears well 
assembled. 

As the next step towards identifying the molecular basis of circadian 
and circalunar timing adaptations in C. marinus, we refined the previ- 
ously identified timing QTL positions® based on the new high-density, 
restriction-site-associated DNA sequencing markers (Supplementary 
Table 4 and Supplementary Note 4) and determined the reference 
sequence corresponding to the QTL confidence intervals (Fig. 1, orange 
and cyan bars; and Supplementary Table 4). None of the core circadian 
clock genes were found to be located within these QTLs (Fig. 1a). Only 
timeout/timeless2, a timeless homologue with a minor role in circadian 
clock resetting’’, is located within the QTLs. 


Genetic variation in Clunio timing strains 

We then re-sequenced the Por and Jean strains (Extended Data Fig. 1), 
for which the initial QTL analysis was performed®. Two pools of 
300 field-caught individuals were sequenced at >240x coverage 
(Supplementary Table 5). Mapping reads against the reference genome 
identified 1,010,052 single nucleotide polymorphisms (SNPs), 72% 
of which were present in both the Por and Jean strains. Based on all 
SNPs we determined genetic differentiation (Fsr), genetic diversity (0) 
and short-range linkage disequilibrium (measured as 7) (Fig. 1b and 
Extended Data Figs 3c, 5a, b). 

Genome-wide genetic differentiation between the Por and Jean strains 
is moderate (Fsy=0.11), providing a good basis for screening the genome 
for local timing adaptation based on genetic divergence. According to 
QTL analysis, the two circadian QTLs explain 85% of the daily timing 
difference and the two circalunar QTLs explain the entire monthly timing 
difference (Supplementary Table 4 and ref. 6). As each locus therefore 
has a strong effect on timing, selection against maladapted alleles must 
be strong and timing loci should be strongly differentiated. 

Within the confidence intervals of the QTLs, 158 SNPs and 106 
indels (insertions or deletions) are strongly differentiated (Fs; > 0.8; 
Fig. 1b and Extended Data Fig. 5; SNPs, red dots in Fsy panels, for 
genome-wide comparison see Supplementary Note 5). We compiled 
a list of candidate genes for circadian and circalunar timing adapta- 
tions based on their proximity to differentiated SNPs and indels in the 
QTLs (Supplementary Table 6). The candidate genes neither comprise 
core circadian clock genes (timeless2/timeout, max. Fs < 0.5; average 
Fsr=0.07), nor are enriched for any particular pathway (gene ontology- 
term analysis; Supplementary Table 7). 


Timing phenotype with genotype correlation 
Assuming that the alleles associated with timing adaptation probably 


originated from standing genetic variation (Supplementary Note 5), 
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genetic variation at timing loci should not vary freely between strains, 
but rather strains with similar timing should share functionally relevant 
alleles. To identify such loci, we extended the genomic screen to three 
additional strains: from Vigo (Vigo), Helgoland (He) and Bergen (Ber; 
Extended Data Fig. 1 and Supplementary Tables 5, 8). We then tested all 
five sequenced strains for correlations between genetic differentiation 
(Fsr) and timing differences, or geographic distances as a null model 
(Supplementary Table 8). 

Overall, genome-wide genetic differentiation was not correlated 
with circadian (r=0.10, P=0.31) or circalunar (r=0.56, P=0.12) 
timing differences, but with geographic distance (‘isolation by distance’; 
r=0.88, P=0.008). Against this genomic background signal of isolation 
by distance, we screened the genome in 5-kb sliding windows for peaks 
of correlation between genetic differentiation and timing, resulting in a 
correlation score (Fig. 1b and Extended Data Fig. 5a, b, CS panels, score 
ranging from 0 to 5; for details see Methods). Combining the evidence 
from the Por versus Jean strain Fs; screen (Supplementary Table 6) with 
these patterns of correlation between timing and genetic divergence 
reduced the candidate gene list to 49 genes (Supplementary Table 9). 

Of particular note, a single region in circadian QTL C2 was strikingly 
differentiated (Fig. 1b). In this region, linkage disequilbrium in the 
Por strain was significantly elevated (permutation test; P=0.002), and 
genetic diversity significantly decreased in some stretches (permutation 
test; P=0.037 and 0.020), compared to the Por genome average. This 
may indicate a recent episode of selection in Por, potentially during 
timing adaptation, as this region is also strongly enriched for timing- 
correlated polymorphisms (Fig. 1b, CS panel). The most extreme 
values of genetic differentiation, genetic diversity and timing 
correlation localize to the CaMKII. 1 locus and the anterior section of 
a gene homologous to the big bang (bbg) gene. 


CaMKII affects the circadian core clock 

Not only does the CaMKII.1 locus harbour the highest number of 
differentiated polymorphisms (Supplementary Table 9), but CaMKII 
has also been shown to affect circadian timing. Mouse CaMKIIa 
phosphorylates CLOCK and facilitates its dimerization with BMAL 
in vivo!®, Mice with inactive, kinase-dead CaMKIIa**?8 have damp- 
ened circadian rhythms and a lengthened circadian free-running 
period!®. CaMKII also phosphorylates the CLOCK protein! in the 
D. melanogaster S2 cell line, and in vivo inhibition of Dme-CaMKU ina 
sensitized background with reduced Ca** levels lengthens the circadian 
free-running period””, suggesting that the role of CAMKII in circadian 
timing is conserved across animals. 

To determine whether CaMKII can also affect the circadian core clock 
in C. marinus, we tested the effect of Cma-CaMKIL.1 in a cell-based assay 
using D. melanogaster S2 cells!?”!. We repeated previous experiments” 
showing that the chemical inhibition of endogenous Dme-CaMKII 
reduces the amount of generated luciferase (Extended Data Fig. 6a), 
whereas addition of a [Ca”*]-independent, and therefore constitutively 
active, variant of CaMKII (mouse, T286D) increases luciferase amounts 
(Extended Data Fig. 6b). Then we generated constructs for C. marinus 
clock, C. marinus cycle, and mutated kinase-dead (K42R) and [Ca?*]- 
independent (T286D) versions of Cma-CaMKIL.1. Transfection of Cma- 
clock and Cma-cycle into D. melanogaster S2 cells leads to luciferase 
activity driven from the 3X69 promoter derived from the Dme-period 
promoter (Fig. 2a). The addition of [Ca”*]-independent Cma- 
CaMKII.1'° leads to a substantial increase in the luciferase signal 
(Fig. 2a), whereas addition of the kinase-dead Cma-CaMKIL 1%” does 
not enhance luciferase activity (Fig. 2a). These data suggest that CaMKII 
kinase activity enhances E-box dependent transcription, as indicated by 
luciferase production driven by the 3X69promoter, via the CLOCK- 
CYCLE dimer in C. marinus. 


CaMKIL.1 splicing correlates with timing 
We then investigated how polymorphisms in the Cma-CaMKII.1 locus 
affect the enzyme. We found two CaMKII.1 alleles: one in the early 
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Figure 1 | Identification of candidate regions in the timing QTLs by 
combined genetic and molecular maps. a, The three linkage groups of 

C. marinus with reference scaffolds (right) anchored on a genetic linkage 
map (left). Scaffolds which are ordered and oriented, black bars; not 
oriented, grey bars; neither ordered nor oriented, white bars. Grey 
shadings, large non-recombining regions. QTLs, circadian (orange), 
circalunar (cyan). One circadian and circalunar QTL overlap, resulting 

in three physical QTL regions (C1/L1, C2 and L2, in purple, orange and 
cyan, respectively). b, Population genomic analysis of QTL C2. Analysis of 


emerging Por, He and Ber strains, and another in the late emerging Jean 
and Vigo strains. Most strain-specific polymorphisms are located in 
introns (Fig. 2b, cand Supplementary Table 9). If these polymorphisms 
were meaningful, then they should affect CaMKII.1 expression and/or 
splicing. Cma-CaMKII.1 has four functional domains” (Fig. 2b). The 
majority of differentiated polymorphisms cluster in the region of the 
variable linker domain (Fig. 2b, c), including a 125-bp insertion (red 
dot in Fig. 2c; Extended Data Fig. 7). We identified four alternatively 
spliced full-length transcripts of Cma-CaMKIL 1 (RA-RD), which dif- 
fer in the length of the linker (Fig. 2b). High-coverage RNA sequencing 
gave evidence for differential exon usage between the Jean and Por 
strains, as well as for previously non-annotated exons within the vari- 
able linker region (Extended Data Fig. 6c). PCR and Sanger sequencing 
confirmed several partial transcripts of additional splice variants of the 
linker region (RE-RO; Fig. 2b). We used transcript-specific qPCR to 
quantify all transcripts from third instar larvae. Generally, transcripts 
RE-RO are expressed at very low levels. Of those, only RO showed 
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Por and Jean strains (in blue and red, respectively, in middle two panels). 
Top panel, genetic differentiation for single SNPs (red dots) and in 5-kb 
windows (black line). Second panel, genetic diversity (0) in 20-kb (thin 
line) and 200-kb (thick line) windows. Third panel, linkage disequilibrium 
(r*) in 100-kb windows. Bottom panel, correlation score (CS) for genetic 
differentiation with values for circadian timing (top), circalunar timing 
(middle) and geographic distance (bottom) for Vigo, Jean, Por, He and Ber 
strains. Bottom numbers, scaffold IDs. For further details, including QTLs 
C1/L1 and L2, see Extended Data Fig. 5a, b. 


quantifiable expression differences between the Jean and Por strains 
(Fig. 3a and Extended Data Fig. 6d). Importantly, transcript-specific 
qPCR confirmed significant differential expression of the major tran- 
scripts in the Jean versus Por strains (Fig. 3a, Extended Data Fig. 6d), 
matching the RNA-sequencing (RNA-seq) data (Extended Data Fig. 6c). 
Consistently, variants with long linkers (RA, RB) showed higher expres- 
sion in the Por strain, whereas shorter variants (RD, RO) showed higher 
expression in the Jean strain (Fig. 3a and Extended Data Fig. 6c, d). 

If the detected differences in the abundance of CaMKII.1 splice var- 
iants are associated with the timing differences, they should be directly 
caused by the strain-specific polymorphisms at the CaMKII. 1 locus. In 
order to test this, we generated minigenes that contained the alterna- 
tively spliced linker region of the CaMKII. 1 locus from either the Jean 
or Por strains. The two minigenes were transfected into cells of the 
D. melanogaster S2R-+ cell line and expression of splice variants was 
analysed by radioactive RT-PCR (Fig. 3b, c). We detected four vari- 
ants, corresponding to splice variants RB, RC, RD and RO. All variants 
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Figure 2 | CaMKII.1 regulates Clk and Cyc transcriptional activity 
and exhibits strain specific splice variants. a, Additional C. marinus 
CaMKII.1 increases the transcriptional activity of C. marinus Clk and 
Cyc in a D. melanogaster S2 cell luciferase assay using the 3X69 E-box 
containing enhancer (period 3X69-luc (ref. 21)). Data are represented as 
mean + s.e.m.; two-sided Welch two-sample t-test; biological replicates, 


n=5, except for no clk control, n = 3, each biological replicate represents 
the average of three preparation replicates. ***P < 0.0005. b, Exons of full 
(RA-RD) and partial (RE-RO) Cma-CaMKII.1 transcripts. c, Distribution 
of SNPs (black), indels (orange) and a 125-bp insertion (red dot) along the 
Cma-CaMKII.1 locus, all with Fs; > 0.8. 
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Figure 3 | Differential CaMKII.1 splicing depends on sequence 
differences in the CaMKII.1 locus and correlates with endogenous 
circadian period lengths. a, qPCR values for CaMKII.1 splice variants 
from Por and Jean strains, normalized to Por (for non-normalized data, 
see Extended Data Fig. 6d). Data are represented as mean + s.e.m.; Por, 
n=9 biological replicates; Jean, n = 10; RO, Por, n= 3; Jeann=8; RO 
was not detected in six Por biological replicates, suggesting an even larger 
expression difference; two-sided Wilcoxon rank-sum test; *P < 0.05; 

**P < 0,005; ***P < 0.0005; NS, not significant; Holm correction 

for multiple testing. For RNA-seq data quantification see Extended 

Data Fig. 6c. b, Differential splicing of the CaMKII. 1 linker region 

in D. melanogaster S2R+ cells, normalized to Por, n= 7 biological 
replicates; two-sided two-sample t-test, otherwise as a. c, Representative 
phosphorimaging gel sections as quantified for b, two separate lanes from 
the same gel (for full gel, see Source Data). d, Free-running rhythm of 
adult emergence under constant dim white light (approximately 100 Ix). 
He and Por share CaMKII.1 alleles, while Jean has the other allele. To 
calculate the free-running period, time between subsequent emergence 
peaks was averaged, weighting each peak by the number of individuals. 


showed the same strain-specific abundance differences in the S2R+ 
cell assay as in the C. marinus strains in vivo (Fig. 3a, b). As the cellular 
context is the same for both the Jean and Por minigenes in the S2R+ 
assay, trans-acting elements can be excluded as the cause of differential 
splicing, implying that it is a direct result of the genomic sequence 
differences at the Cma-CaMKII.1 locus. While splice variants RB, RC 
and RD and their constituting exons are conserved in D. melanogaster 
(see Flybase annotations and ref. 23), a D. melanogaster RA counterpart 
does not exist. This may explain why this variant is undetectable in 
S2R+ cells (Fig. 3b). 


From splice variants to timing differences 
CaMKII linker-length variants have been investigated in several 
species. D. melanogaster CaMKII isoforms corresponding to the RB, 
RC and RD variants of C. marinus have different substrate affinities 
and rates of target phosphorylation”’. These activity differences are 
explained by the fact that CaMKII functions as a dodecamer, and 
the linker length determines the compactness and thus the substrate 
accessibility of the holoenzyme—enzymes with long linkers have higher 
activity. This structure-function relationship is possibly universal, as it 
is conserved between humans and C. elegans’®4, 

Inactivation or inhibition of CaMKII lengthens circadian periods 
in mouse and fruitflies'*”°. A connection between circadian period 
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length and phase of activity in light-dark cycles is known from muta- 
tions in period in D. melanogaster and human chronotypes”®. These 
findings imply that in C. marinus the more active and more readily 
Ca’*-activated, long-linker CaMKII.1 variants should advance adult 
emergence by shortening the circadian clock period. Indeed, we find 
that the early emerging Por and He strains, which possess the same 
long-linker biased CaMKII.1 alleles, have shorter free-running circa- 
dian clock periods than the late emerging Jean strain (Fig. 3d). 

Integrating our results with those from the aforementioned 
literature, we propose that regulation of the ratio of CaMKII.1 splice 
variants constitutes an evolutionary mechanism to adapt circadian 
timing (Extended Data Fig. 8): differences in the genomic sequence of 
CaMKIL.1 lead to differential CaMKIL.1 splicing and activity. Among 
a number of possible targets, this influences CLOCK-CYCLE dimer- 
dependent transcription, which in turn affects circadian period length 
and ultimately results in differences in adult emergence time. 


Discussion 

Annual, lunar and tidal rhythms, as well as natural timing variation 
between individuals, are important and widespread phenomena that 
are poorly understood. The C. marinus reference genome and the 
genetic variation panel for five strains with differing circadian and 
circalunar timing establish new resources for further studies of these 
topics. 

We identified C. marinus orthologues for all core circadian clock 
genes, none of which appear to be involved in circadian or circalunar 
timing adaptations. For circalunar timing, this supports the molecular 
independence of the circalunar clock from the circadian clock, as 
reported for Platynereis dumerilii”. 

For circadian timing, strain-specific modulation in alternative splic- 
ing of CaMKII. 1 emerges as a possible mechanism for natural adap- 
tation. In the light of previous experiments in D. melanogaster and 
mice’**°, it seems most likely that differences in CaMKII activity 
of the different splice forms lead to circadian timing differences via 
phosphorylation of CLOCK-CYCLE (Extended Data Fig. 8). 

It is also conceivable that CaMKU affects circadian timing via other 
targets. For example, CaMKII is known to phosphorylate the cAMP 
response element binding protein (CREB)”*”*. CREB is linked to the 
circadian clock by cAMP response elements (CRE) in the promoters 
of the period and timeless genes*°', and by physical interaction of the 
CREB-binding protein (CBP) with CREB, CLOCK and CYCLE*”*?. 
Furthermore, one of the most well-studied roles of CaMKII is the mor- 
phological modulation of neuronal plasticity and connectivity****. 
Such changes in connectivity have been increasingly implicated as part 
of the circadian timing mechanism in D. melanogaster and mammals”. 
Interestingly, the role of CaMKII in shaping neuronal connectivity has 
also been suggested to link to several neuropsychiatric diseases**, which 
often co-occur with chronobiological disruptions*”-*’. Further studies 
are needed to determine whether the modulation of CaMKII activity 
constitutes a molecular link between these phenomena. 


Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper. 
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METHODS 


No statistical methods were used to predetermine sample size. The experiments 
were not randomized and the investigators were not blinded to allocation during 
experiments and outcome assessment. 

Animal culture and light regimes. The C. marinus laboratory stocks were bred 
according to Neumann, care was provided by the MFPL aquatic facility. Briefly, 
C. marinus were kept in 20 x 20 x 5 cm plastic containers with sand and natural 
seawater diluted to 15%o with desalted water, fed diatoms (Phaeodactylum tricor- 
nutum, strain UTEX 646) in early larval stages and nettle powder in later stages. 
Temperature in the climate chambers was set to 20°C and the light-dark cycle was 
12:12 (except where noted differently). Moonlight was simulated with an incandes- 
cent flashlight bulb (about 1 Ix), which was switched on all night for four successive 
nights every 30 days. 

Genome assembly. The genome assembly process (Extended Data Fig. 9a) was 
based on three sequencing libraries (Supplementary Table 10): a 0.2-kb insert 
library was prepared from a single adult male of the Jean laboratory strain (estab- 
lished from field samples taken at St. Jean-de-Luz, France, in 2007; >12 genera- 
tions in the laboratory), which was starved and kept in seawater with penicillin 
(60 units per ml), streptomycin (601g ml!) and neomycin (120,1g ml!) during 
the last 2 weeks of development. DNA was extracted with a salting-out method”, 
sheared on a Covaris S2 sonicator (frequency sweeping mode; 4°C; duty cycle, 
10%; intensity, 7; cycles per burst, 300; microTUBE AFA fibre 6 x 16mm; 30s) and 
prepared for Illumina sequencing with standard protocols. A 2.2-kb and a 7.6-kb 
insert library were prepared from a polymorphic DNA pool of >300 field-caught 
Jean adult males by Eurofins MWG Operon (Ebersberg, Germany) according to 
the manufacturer’s protocol. Each library was sequenced in one lane of an Illumina 
HiSeq2000 with 100-bp paired-end reads at the Next Generation Sequencing unit 
of the Vienna Biocenter Core Facilities (http://vbcf.ac.at). 

Reads were filtered for read quality, adaptor and spacer sequences with 
cutadapt*” (—b —n 3 —e 0.1 —O 8 —q 20 —m 13) and duplicates were removed 
with fastq-mcf from ea-utils*® (—D 70). Read pairs were interleaved with 
ngm-utils”’, leaving only paired reads. Contamination with human DNA found 
in the 0.2-kb library was removed by deleting reads matching the human genome 
at a phred-scaled quality score > 20 (alignment with BWA). 

Assembly into contigs with Velvet?! (scaffolding disabled; 57-bp kmers as 
determined by VelvetOptimiser*”) was based solely on the less polymorphic 
0.2-kb library. About 600 remaining adaptor sequences at the ends of assembled 
contigs were trimmed with cutadapt (—O 8 —e 0.1 —n 3). For assembly statistics 
see Supplementary Table 11. 

Scaffolding of the contigs was based on all three libraries and performed with 
SSPACE* in two iterations, that is, scaffolds from the first round were scaffolded 
again. Using different parameters in the iterations (Supplementary Table 12) 
allowed different connections to be made and thus increased scaffold connectivity 
(Supplementary Table 13). The effect is probably owing to the polymorphic nature 
of the 2.2-kb and 7.6-kb libraries; it results in a ‘population-consensus most com- 
mon arrangement of the scaffolds: The iterative scaffolding process was performed 
with and without applying a size cut-off excluding contigs <1 kb, resulting in two 
independent assemblies (CLUMA_0.3 and CLUMA_0.4; see Extended Data 
Fig. 9a), which differed in overall connectivity and sequence content (Supplementary 
Table 11), but also in the identity and structure of the large scaffolds. In order to 
combine both connectivity and sequence content, and in order to resolve the contra- 
dictions in the structure of the largest scaffolds, the two assemblies were compared 
and reconciled in a manual super-scaffolding process, as detailed in Supplementary 
Method 1. Briefly, the overlap of scaffolds from the two assemblies was tested with 
BLAST searches and represented in a graphical network structure. Scaffolds with 
congruent sequence content in both assemblies would result in a linear network, 
whereas scaffolds with contradictory sequence content would result in branching 
networks. At the same time, both assemblies were subject to genetic linkage mapping 
based on genotypes obtained from restriction-site-associated DNA sequencing 
(RAD sequencing) of a published mapping family® (Supplementary Method 2). The 
resulting genetic linkage information served to resolve the branching networks into 
the longest possible unambiguous linear sub-networks with consistent genetic link- 
age information (see scheme A in Supplementary Method 1). Finally, the structure 
of the resulting super-scaffolds was coded in YAML format and translated into DNA 
sequence with Scaffolder™, resulting in 75 mapped super-scaffolds. 

The remaining small and unmapped scaffolds were filtered for fragments 
of the mitochondrial genome, the histone gene cluster and 18S/28S ribosomal 
rDNA gene cluster, which were assembled separately (Supplementary Method 3; 
Extended Data Fig. 10). Unmapped scaffolds were also filtered for obvious con- 
tamination from other species (Supplementary Method 3). The degree to which 
the remaining unmapped scaffolds are leftover polymorphic variants of parts of 
the mapped super-scaffolds was estimated by blasting the former against the latter 
(Supplementary Method 3 and Supplementary Table 14). 


All scaffolds were subject to gap closing with GapFiller® and repeated edges, that 
is, gaps with almost identical sequences at both sides that are generally not closed 
because of genetic polymorphisms, were assessed and if possible removed with a 
custom script (Supplementary Method 4; code available supplied as Source Data File). 

The final assembly CLUMA_1.0 was submitted under project PRJEB8339 
(75 mapped scaffolds; 23,687 unmapped scaffolds >100 bp). The assembly and 
further information can also be obtained from ClunioBase (http://cluniobase.cibiv. 
univie.ac.at). 

Reconstruction of chromosomes and QTL analysis. Genetic linkage information 
for the final 75 super-scaffolds was obtained by repeating read mapping to genotype 
calling for the RAD sequencing experiment as described above (Supplementary 
Method 2), but now with assembly CLUMA_1.0 as a reference. This allowed us to 
place and orient super-scaffolds along the genetic linkage map (Fig. 1a and Extended 
Data Fig. 2). The positions of the recombination events within a scaffold were approx- 
imated as the middle between the positions of the two RAD markers between which 
the marker pattern changed from one map location to the next. The published genetic 
linkage map was refined and revised (Supplementary Method 5 and Extended Data 
Fig. 2). Based on the refined linkage map, QTL analysis of the published mapping 
family was repeated as described® (Supplementary Table 4 and Supplementary 
Note 5). Using the correspondence between the reference assembly and the genetic 
linkage map, we were able to directly identify the genomic regions corresponding to 
the confidence intervals of the QTLs (Fig. 1 and Extended Data Fig. 5a, b). 
Transcript sequencing. Assembled transcripts of a normalized cDNA library of 
all life stages and various C. marinus strains (454 sequencing) were available from 
previous experiments and RNA sequencing data was available for Jean strain adults 
(Illumina sequencing). Furthermore, specifically for genome annotation, RNA 
from 80 third instar larvae from the Jean and Por laboratory strains each was 
prepared for RNA sequencing according to standard protocols (Supplementary 
Method 6). Each sample was sequenced on a single lane of an Illumina HiSeq 2000. 
All transcript reads were submitted to the European Nucleotide Archive (ENA) 
under project PRJEB8339. 

For the adult and larval RNA sequencing data, raw reads were quality checked 
with fastqc>®, trimmed for adaptors quality with cutadapt”’ and filtered to contain 
only read pairs using the interleave command in ngm-utils“’. Reads were assembled 
separately for larvae and adults with Trinity?” (path_reinforcement_distance: 25; 
maximum paired-end insert size: 1,500 bp; otherwise default parameters). 
Genome annotation. Automated annotation was performed with MAKER2™. 
Repeats were masked based on all available databases in repeatmasker. MAKER2 
combined evidence from assembled transcripts (see above), mapped protein 
data sets from Culex quinquefasciatus (CpipJ1), Anopheles gambiae (AgamP3), 
Drosophila melanogaster (BDGP5), Danaus plexippus (DanPle_1.0), Apis mellifera 
(Amel4.0), Tribolium castaneum (Tcas3), Strigamia maritima (Smar1) and Daphnia 
pulex (Dappul) and ab initio gene predictions with AUGUSTUS® and SNAP 
into gene models. AUGUSTUS was trained for C. marinus based on assembled 
transcripts from the normalized cDNA library. SNAP was run with parameters 
for A. mellifera, which had the highest congruence with known C. marinus genes 
in preliminary trials (Supplementary Method 7). MAKER was set to infer gene 
models from all evidence combined (not transcripts only) and gene predictions 
without transcript evidence were allowed. Splice variant detection was enabled, 
single-exon genes had to be larger than 250 bp and intron size was limited to a 
maximum of 10kb. 

All gene models within the QTL confidence intervals, as well as all putative 
circadian clock genes and light receptor genes were manually curated: exon-intron 
boundaries were corrected according to transcript evidence (approximately 500 
gene models), chimeric gene models were separated into the underlying individual 
genes (approximately 100 gene models separated into around 300 gene models) 
and erroneously split gene models were joined (approximately 15 gene models). 
Finally, this resulted in 21,672 gene models, which were given IDs from CLUMA_ 
CG000001 to CLUMA_CG021672 ((CLUMA for Clunio marinus, following the 
controlled vocabulary of species from the UniProt Knowledgebase; CG for ‘com- 
putated gene’). Splice variants of the same gene (detected in 752 gene models) were 
identified by the suffix ‘-RA, “-RB’ and so on, and the corresponding proteins by 
the suffix “-PA, ‘-PB’ and so forth. 

Gene models were considered as supported if they overlapped with mapped 
transcripts or protein data (Supplementary Table 1). Gene counts for D. mela- 
nogaster were retrieved from BDGP5, version 75.546 and for A. gambiae from 
AgamP3, version 75.3. The putative identities of the C. marinus gene models 
were determined in reciprocal BLAST searches, first against UniProtKB/ 
Swiss-Prot (8,379 gene models assigned) and if no hit was found, second against 
the non-redundant protein sequences (nr database) at NCBI (1,802 additional 
genes assigned). Reciprocal best hits with an e value < 1 x 10 were considered 
putative orthologues (termed ‘putative gene X’), non-reciprocal hits with the same 
e value were considered paralogues (termed ‘similar to’). All remaining gene models 
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were searched against the PFAM database of protein domains (111 gene models 
assigned; termed ‘gene containing domain X’). If still no hit was found, the gene 
models were left unassigned (‘NA). 

Synteny comparisons. Genome-wide synteny between the C. marinus, D. melano- 
gaster and A. gambiae genomes was assessed based on reciprocal best BLAST hits 
(e value < 10 x 10°!°) between the three protein data sets (Ensembl Genomes, 
Release 22, for D. melanogaster and A. gambiae). Positions of pairwise ortholo- 
gous genes were retrieved from the reference genomes (BDGP5, AgamP3 and 
CLUMA_1.0) and plotted with Circos®. C. marinus chromosome arms were 
delimited based on centromeric and telomeric signatures in genetic diversity and 
linkage disequilibrium (Extended Data Fig. 3c and Supplementary Table 3; for 
data source see ‘strain re-sequencing’ below). Homologues for C. marinus chro- 
mosome arms were assigned based on enrichment with putative orthologous genes 
from specific chromosome arms in D. melanogaster and A. gambiae (Extended 
Data Figs 3, 4 and Supplementary Table 3). Additionally, for the 5,388 detected 
putative 1:1:1 orthologues (C. marinus:D. melanogaster:A. gambiae), microsynteny 
was assessed by testing if all pairs of directly adjacent genes in one species were 
also directly adjacent in the other species. The degree of microsynteny was then 
calculated as the fraction of conserved adjacencies among all pairs of adjacent 
genes. From this fraction the relative levels of chromosomal rearrangements in the 
evolutionary lineage leading to C. marinus were estimated (Supplementary Note 3 
and Extended Data Fig. 4). 

Strain re-sequencing. Genetic variation in five C. marinus strains (Extended Data 
Fig. 1) was assessed based on pooled-sequencing data from field-caught males 
from the strains of St. Jean-de-Luz (Jean; Basque Coast, France; sampled in 2007; 
n= 300), Port-en-Bessin (Por; Normandie, France; 2007; n = 300), as well as Vigo 
(Spain; 2005; n= 100), Helgoland (He; Germany; 2005; n = 300) and Bergen 
(Ber; Norway; 2005; n= 100). Samples from Vigo and Bergen, were provided by 
D. Neumann and C. Augustin, respectively. For each strain we chose the largest 
available number of individuals to obtain the best possible resolution of allele fre- 
quencies. Females are not available, because they are virtually invisible in the field. 
For an overview of the experimental procedure, see Extended Data Fig. 9b. DNA 
was extracted with a salting-out method“ from sub-pools of 50 males, the DNA 
pools were mixed at equal DNA amounts, sheared and prepared as described above 
and sequenced on four lanes of an Illumina HiSeq2000 with paired-end 100-bp 
reads (Ber and Vigo combined in one lane, distinguished by index reads). All 
reads were submitted to the European Nucleotide Archive (ENA) under project 
PRJEB8339. Sequencing reads were filtered for read quality and adaptor sequences 
with cutadapt”” (—b —n 2 —e 0.1 -O 8 —q 13 —m 15), interleaved with ngm-utils” 
and duplicates were removed with fastq-mcf from ea-utils** (—D 70). Reads were 
aligned to the mapped super-scaffolds of assembly CLUMA_1.0 with BWA” (aln 
and sampe; maximal insert size (bp): —a 1500). 

Detection of re-arrangements. Based on the unfiltered alignments, the samples 
from Por and Jean were screened for genomic inversions and indels relative to 
the reference sequence with the multi-sample version of DELLY®. Paired-end 
information was only considered if the mapping quality was high (q > 20) (see 
also Supplementary Note 3). 

Population genomic analysis of the timing strains. For population genomic anal- 
ysis (Extended Data Fig. 9b), the alignments of the pool-sequencing (pool-seq) 
data from Vigo, Jean, Por, He and Ber were filtered for mapping quality (q > 20), 
sorted, merged and indexed with SAMtools®. Reads were re-aligned around indels 
with the RealignerTargetCreator and the IndelRealigner in GATK™. The resulting 
coverage per strain is given in Supplementary Table 5. 

For identification of SNPs, a pileup file was created with the mpileup command 
of SAMtools®. Base Alignment Quality computation was disabled (—B); instead, 
after creating a synchronized file with the mpileup2sync script in PoPoolation2”, 
indels that occurred more than ten times were masked (including 3 bp upstream 
and downstream) with the identify-indel-regions and filter-sync-by-gtf scripts 
of PoPoolations2. Fsr values were determined with the fst-sliding script of 
PoPoolation2, applying a minimum allele count of 10 (so that any false-positive 
SNPs resulting from the remaining unmasked indels were effectively excluded) and 
a minimum coverage of 40x for the comparison between Por and Jean or 10 for 
the comparison of all five strains. Fsr was calculated at a single base resolution, as 
well as in windows of 5 kb (step size, 1 kb). Individual SNPs were only considered 
for further analyses or plotted if they were significantly differentiated as assessed 
by Fisher's exact test (fisher-test in PoPoolation2). 

Average genome-wide genetic differentiation between timing strains, as 
obtained by averaging over 5-kb sliding-windows, was compared to the respective 
timing differences and geographic distances (see Supplementary Table 8) in 
Mantel tests (Pearson’s product moment correlation; 9,999 permutations), as 
implemented in the vegan package in the R statistical programming environ- 
ment (ref. 66). Geographic distances and circadian timing differences were deter- 
mined as described previously® (see Supplementary Table 8). For determination 
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of lunar timing differences when comparing lunar with semilunar rhythms see 
Supplementary Note 6. In order to find genomic regions for which genetic differen- 
tiation is correlated with the timing differences between strains, the Mantel test was 
then applied to 5-kb genomic windows every 1 kb along the reference sequence. 
5kb is roughly the average size of a gene locus in C. marinus. Windows with a 
correlation coefficient of r> 0.5 were tested for significance (999 permutations). 
For each genomic position the number of overlapping significantly correlated 5-kb 
windows was enumerated, resulting in a correlation score (CS; ranging from 0 to 5). 

Genetic diversity, measured as Watterson’s theta (Ow), for each strain was 
assessed with PoPoolation1.1.2 (ref. 68) in 20-kb windows with 10-kb steps. In 
order to save computing time, the pileup files of Jean, Por and He were linearly 
downscaled to 100 x coverage with the subsample-pileup script (‘fraction option), 
positions below 100 coverage were discarded. Indel regions were excluded 
(default in PoPoolation 1.1.2) and a minimum of 66% ofa sliding window needed 
to be covered. SNPs were only considered in @w calculations if present >2 times, 
leading to slight inconsistencies in @ estimates between strains due to differing 
coverage, but not affecting diversity comparisons within strains. 

Linkage disequilibrium between the SNPs was determined for the Por and Jean 
strains with LDx®, assuming physical linkage between alleles on the same read or 
read pairs. r° was determined by a maximum likelihood estimator, minimum and 
maximum read depths corresponded to the 2.5% and 97.5% coverage depths for 
each population (Jean, 111-315; Por, 98-319), total insert distance was limited to 
600 bp, minimum phred-scaled base quality was 20, minimum allele frequency 
was 0.1 and a minimum coverage per pair of SNPs was 11. SNPs were binned by 
their physical distance for the plots (0-200 bp, 200-400 bp, 400-600 bp), with the 
mean value plotted. 

Finally, small indels (<30 bp) in the Por and Jean strains were detected with 

the UnifiedGenotyper (—glm INDEL) in GATK“ for positions with more than 
20x coverage. Genetic differentiation for indels was calculated with the classi- 
cal formula Fsr = (H}—Hs)/Hr, where Hs is the average expected heterozygosity 
according to Hardy-Weinberg Equilibrium (HWE) in the two subpopulations 
and Hy is the expected heterozygosity in HWE of the hypothetical combined total 
population. If more than two alleles were present, only the two most abundant 
alleles were considered in the calculation of Fey. 
Assessment of candidate genes. Gene models from the automated annotation 
were considered candidate genes, if they fulfilled the following criteria. 
(1) The gene was located within the reference sequence corresponding to the 
QTL confidence intervals as determined for the Por and Jean strains. (2) The 
gene contained a strongly differentiated SNP or small indel or it was directly 
adjacent to such a SNP or small indel (Fs; > 0.8 for Por versus Jean, that is, the 
strains used in QTL mapping). This resulted in a preliminary list of 133 genes 
based on the comparison between Por and Jean (Supplementary Table 6). These 
candidate genes were narrowed down based on their overlap with genomic 5-kb 
windows, for which genetic differentiation between five European timing strains 
correlated with their timing differences (Fig. 1a, Extended Data Fig. 5a, b and 
Supplementary Table 9). 

The location and putative effects of the SNPs and indels relative to the gene 
models were assessed with SNPeff’° (—ud 0, otherwise default parameters; 
Extended Data Fig. 5c, d and Supplementary Tables 6, 9). 

For Gene Ontology (GO) term analysis, all C. marinus gene models with 

putative orthologues in the UniProtKB/Swiss-Prot and non-redundant protein 
sequences (nr) databases based on reciprocal best BLAST hits (see above) were 
annotated with the GO terms of their detected orthologues (6,837 gene models). 
Paralogues were not annotated. The enrichment of candidate SNPs and indels 
(Fsr > 0.8 between Por and Jean) in specific GO terms was tested with SNP2GO”! 
(min.regions = 1, otherwise default parameters). Hyper-geometric sampling was 
applied to test if individual genes of a GO term or a whole pathway of genes are 
enriched for SNPs (Supplementary Table 7). 
Molecular characterization of CaMKII.1. RNA-seq data of the Por and Jean 
strains for CaMKII. 1 were obtained from the larval RNA sequencing experiment 
described above. Besides four assembled full-length transcripts (RA-RD) from 
RNA-seq and assembled EST libraries, additional partial transcripts (RE-RO) were 
identified by PCR amplification (for PCR primers see Supplementary Table 15), 
gel extraction (QIAquick Gel Extraction Kit, Qiagen), cloning with the CloneJET 
PCR Cloning Kit (Thermo Scientific) and Sanger sequencing with pJET1.2 prim- 
ers (LGC Genomics & Microsynth). cDNA was prepared from RNA extracted 
from third instar larvae of the Por and Jean laboratory strains (RNA extraction 
with RNeasy Plus Mini Kit, Qiagen; reverse transcription with QuantiTect Reverse 
Transcription Kit, Qiagen). 

qPCR was performed with variant-specific primers and actin was used as a con- 
trol gene (Supplementary Table 16). cDNA was obtained from independent pools 
of 20 third instar larvae of the Por and Jean strains. Sample size was ten pools per 
strain to cover different time points during the day and to test for reproducibility 
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(two samples each at zeitgeber times 0, 4, 8, 16 and 20; for one Por sample 
extraction failed; RNA extraction and reverse transcription as above). qPCR was 
performed with Power SYBR Green PCR Master Mix on a StepOnePlus Real Time 
System (both Applied Biosystems). Fold-changes were calculated according to 
ref. 72 in a custom excel sheet. The assumption of equal variance was violated 
for the RD comparison (F-test) and the assumption of normal distribution was 
violated for the data of RA and RC in the Por strain (Shapiro-Wilk normality 
test), possibly reflecting circadian effects in the samples from different times of 
day. Thus, expression differences were assessed for significance in a two-tailed 
Wilcoxon rank-sum test (wilcox.test in R®). Holm correction”? was used for 
multiple testing (default in p.adjust function of R). 

CaMKII.1 minigenes. PCR fragments containing the CaMKII.1 linker region 
(exons 10-15) were amplified from genomic Por or Jean DNA, respectively, with 
primers CaMKII-Sc61-F-344112 and CaMKII-Sc61-R-351298 (Supplementary 
Table 15), cloned with the CloneJET PCR Cloning Kit (Thermo Scientific), trans- 
ferred into the pcDNA3.1+ vector using NotI and Xbal (Thermo Scientific). These 
constructs were transfected into D. melanogaster S2R+ cells and RNA was prepared 
48 h after transfection. After DNase digestion, isoform expression was analysed by 
radioactive, splicing-sensitive RT-PCR (primers in Supplementary Table 17) and 
phosphorimager quantification as described”*. Identity of isoforms is based on 
size and sequencing of PCR products. To test for reproducibility, there were seven 
biological replicates (raw data in Supplementary Table 18). As the assumptions of 
equal variance (F-test) and normal distribution of data (Shapiro-Wilk normality 
test) were not violated, the significance of expression differences was assessed in 
unpaired, two-sided two-sample t-tests. Holm correction”? was used for multiple 
testing (default in p.adjust function of R). S2R+ cells were obtained from the 
laboratory of S. Sigrist, regularly authenticated by morphology and routinely tested 
for absence of mycoplasma contamination. The entire experiment was reproduced 
several months later with three biological replicates (raw data in Supplementary 
Table 18). 

S2 cell luciferase assay. Firefly luciferase is driven from a period 3X69 promoter 
under control of the CLOCK and CYCLE protein’*”!. The D. melanogaster pAc-clk 
construct was obtained from F. Rouyer, pCopia-Renilla luciferase and period 
3X69-luc reporter constructs from M. Rosbash, a [Ca?*]-independent mouse 
CaMKII'?8°> was provided by M. Mayford. The CaMKII inhibitor KN-93 was 
purchased from Abcam (#ab120980). 

C. marinus Cyc, C. marinus Clk and C. marinus CaMKII. 1-RD were cloned 
into the pAc5.1/V5-His A plasmid (Invitrogen) with stop codons before the tag. 
The Q5 Site-Directed Mutagenesis Kit (NEB) was used to make kinase-dead 
and [Ca?*]-independent versions of C. marinus CaMKII.1-RD (for primers, see 
Supplementary Table 17). 

D. melanogaster S2 cells (Invitrogen) were cultured at 25°C in Schneider's 
D. melanogaster medium (Lonza) supplemented with fetal bovine serum (FBS, 
10%, heat-inactivated), penicillin (100 U ml”), streptomycin (100 bg ml!) and 
2mM t-glutamine; Sigma). Cells were seeded into 24-well plates (800,000 cells 
per well) and transfected with Effectene transfection reagent (Qiagen) according 
to the manufacturer’s instructions. Experiment with mouse [Ca”*]-independent 
CaMKII: 25 ng pCopia-Renilla, 10 ng period 3X69-luc, 0.5 ng D. melanogaster 
pAc-clk, 200 ng mouse pAc-CaMKII'**Y. Experiment with CaMKII inhibitor 
KN-93: 25 ng pCopia-Renilla, 10 ng period 3X69-luc, 0.5 ng D. melanogaster 
pAc-clk, various amounts of KN-93. Experiment with C. marinus genes: 25 ng 
pCopia-Renilla, 10 ng period 3X69-luc, 100 ng C. marinus pAc-cyc, 100 ng 

C. marinus pAc-clk, 200 ng C. marinus CaMKII. 1-RD¥® or 200 ng C. marinus 
CaMKII. 1-RD"*®°. In all experiments, the transfection mix was filled up with 
empty pAc5.1/V5-His A vector to a total of 435 ng DNA per well. After 48 h, cells 
were washed with PBS and lysed with Passive Lysis Buffer (Promega). Luciferase 
activities were determined on a Synergy H1 plate reader (Biotek) using a Dual- 
Luciferase Reporter Assay System (Promega). For each biological replicate three 
independent cell lysates were measured and their mean value determined. Firefly 
luciferase activity was normalized to Renilla luciferase activity and values were 
normalized to controls transfected with D. melanogaster pAc-clk or C. marinus 
pAc-clk and C. marinus pAc-cyc, respectively. $2 cells (Invitrogen/Life 
Technologies, Cat.no. R690-07) were regularly authenticated by morphology and 
routinely tested for absence of mycoplasma contamination (Lonza MycoAlert). 
Sample size was chosen to test for reproducibility. 

Circadian free-run experiments. For circadian free-run experiments, culture 
boxes of the Por, He and Jean strains were transferred from light-dark cycle (16:8) 
to constant dim light (light-light cycle, about 100 Ix). Emerging adults were col- 
lected in 1-h intervals by a custom made C. marinus fraction collector (similar to 
those described in ref. 75) and counted once a day. Because collection was auto- 
mated, the experimenter had no influence on the results and blinding was not 
necessary. As the circalunar clock restricts adult emergence to a few days, the 
circadian emergence rhythm can only be assessed over a few days. Several culture 


boxes were transferred to a light-light cycle at different time points. The resulting 
emergence data were combined for each strain using the switch to a light-light 
cycle as a common reference point. We used the maximum number of available 
individuals. Free-running period was calculated as the mean interval between 
subsequent emergence peaks, weighting each peak by the number of individuals. 
Data availability. All sequence data are deposited in the European Nucleotide Archive 
(ENA) under PRJEB8339. The reference genome is also on ClunioBase (http://cluni 
obase.cibiv.univie.ac.at). Machine readable super-scaffolding data and the computer 
source code for the removal of repeated edges are supplied as source data files. 
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Extended Data Figure 1 | The biology of Clunio marinus. a, C. marinus 
is restricted to rocky shores (black lines), the localities differing in tidal 
regime (adapted from ref. 67). b, ¢, Local strains show corresponding 
genetic adaptations in their circadian® (b) and circalunar rhythms (c, He, 
Jean*). Timing was measured in the laboratory under artificial moonlight 
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(arrows in c) in a 30-day cycle and a light-dark cycle of 12:12 (He, Por, 
Jean, Vigo) or 16:8 (Ber). Seasonal differences in daily illumination 
duration do not affect circadian emergence peaks’”®. Historically, for 
C. marinus ‘zeitgeber time 0’ is defined as the middle of the dark phase. 
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Extended Data Figure 2 | The reconstructed chromosomes of C. marinus based on the genetic linkage map. Left map, male informative markers. 
Right map, female informative markers. See Fig. 1a legend for further details. 
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Extended Data Figure 3 | C. marinus genome characterization. (0; red) and linkage disequilibrium (r’; blue) of the Jean strain plotted for 
a, Representative genomic region with densely packed gene models the three C. marinus linkage groups, revealing characteristic signatures of 
(super-scaffold 1, 535-565 kb). Gene models are shown in blue on a telomeres and centromeres. d-f, Synteny comparisons among the genomes 
turquoise background. Gene predictions (SNAP) are shown in purple. of C. marinus, A. gambiae and D. melanogaster based on 5,388 1:1:1 


Transcript evidence is shown in yellow. b, Phylogenetic relationships of orthologues. 
C. marinus to other Diptera (according to ref. 77). c, Genetic diversity 
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Extended Data Figure 4 | Synteny analyses of C. marinus chromosome 
arms. a, Gene content of the C. marinus chromosome arms relative to 

the chromosome arms of D. melanogaster (black bars) and A. gambiae 
(grey bars). The very small chromosome 4 of D. melanogaster is neglected. 
Chromosome arms of D. melanogaster and A. gambiae are paired according 
to their published homology”®. For four of the chromosome arms of 

C. marinus the homologous arms in D. melanogaster and A. gambiae 

are identified (grey shading). For comparison, the conservation of the 
identified D. melanogaster and A. gambiae homologues to each other is 
given by plotting the gene content of the homologous D. melanogaster 
chromosome arm relative to the different chromosome arms of 

A. gambiae (white bars). The numbers of orthologous genes considered in 


Number of simulated breaks 


each comparison are given above the bars. For chromosome arm 2R of 
C. marinus the homologies are unclear. Possibly, chromosome arm 2R of 
C. marinus has undergone so many re-arrangements with other 
chromosome arms that it is no longer recognizable, which is consistent 
with complex polymorphic re-arrangements in this chromosome arm of 
C. marinus (see Supplementary Note 3). b, Microsynteny is analysed 
relative to D. melanogaster and A. gambiae, based on 5,388 1:1:1 
orthologues. The fraction of genes in conserved microsynteny blocks is 
calculated and distributed along the phylogenetic tree. c, d, A simulation 
was used to estimate how many chromosomal re-arrangements are 
required to produce the observed degree of microsyntenic conservation 
(for details see Supplementary Note 3). 
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Extended Data Figure 5 | See next page for caption. 
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Extended Data Figure 5 | Population genomic analysis of QTLs C1/L1 
and C2 and genome-wide analysis of locations and putative effects of 
SNPs and indels. a, b, Population genomic analysis of QTLs C1/L1 and 
C2. Panels 1-3: Por versus Jean strains in blue and red, respectively, in 
panel 2 and 3. From top to bottom, panel 1, genetic differentiation (red 
dots, SNPs with Fsr > 0.8; grey dots, Fst < 0.8; black line, average Fsr in 
5-kb sliding windows). Panel 2, genetic diversity () in 20-kb (thin line) 
and 200-kb (thick line) windows. Panel 3, linkage disequilibrium (r*) for 
SNP pairs 0-600 bp apart in 100-kb windows (step size: 5 kb). Panel 4, 
correlation score (CS; 0-5) for genetic differentiation with circadian 
timing (top), circalunar timing (middle) and geographic distance (bottom) 
for five European C. marinus strains (Vigo, Jean, Por, He and Ber). Bottom 
numbers, scaffold IDs. See also Fig. 1. c, d, Locations and putative effects 


of SNPs (c) and indels (d) with respect to the annotated gene models. The 
fractions of SNPs or indels in each category are compared for all SNPs 
and indels (black bars) versus differentiated SNPs and indels (Fs; > 0.8 
between Por and Jean strains; grey bars). Absolute numbers are given 
above the bars. In gene models with several splice forms, SNPs and indels 
can have different effects, for example, ‘CDS, non-synonymous for one 
splice form and ‘intronic’ for another splice form. Therefore, the sum 
across locations is slightly larger than the actual numbers of SNPs and 
indels. ‘Codon changes are all codon insertions or deletions that do not 
result in frame shifts beyond the actual insertion/deletion site. CDS, 
coding sequence; syn., synonymous; non-syn., non-synonymous; UTR, 
untranslated region. 
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Extended Data Figure 6 | CaMKII regulates CLK/CYC transcriptional 
activity and exhibits strain-specific splice variants. a, Quantification of 
luciferase activity under the control of an artificial 3X69 E-box containing 
enhancer in D. melanogaster S2 cells. Increasing amounts of the CaMKII 
inhibitor KN-93 decrease luciferase activity in a concentration-dependent 
manner, providing evidence that endogenous CaMKII activity regulates 
the transcriptional activity of D. melanogaster CLOCK-CYCLE. 

b, Without co-transfection of D. melanogaster clock, there is no detectable 
luciferase activity. The constitutively active form of CaMKII (mouse 
T286D) increases luciferase activity (normalized to CLOCK‘; data are 
shown as mean + s.e.m.; n= 4 biological replicates). c, RNA sequencing 


reads mapped to the CaMKII. 1 genomic locus. Arrows, major differences 
between the strains. d, Relative expression levels of the four major 
CaMKII.1 transcripts (RA-RD) and the minor variant RO in the Por 

and Jean strains of C. marinus, as measured by qPCR (data are shown 

as mean +s.e.m.; two-sided Wilcoxon rank-sum test; ***P < 0.0005; 

*P < 0.05; NS, not significant; Holm correction for multiple testing; 
biological replicates, Por n= 9, Jean n= 10; except for RO: Por n=3, Jean 
n= 8). RO was not detectable in six additional biological replicates of the 
Por strain, suggesting that the expression differences are even greater than 
currently estimated. Figure 3a shows the same data, normalized to the 
respective Por strain variants. 
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Extended Data Figure 7 | A differentiated 125-bp insertion in the 
CaMKII locus. a, Alignment of the part of the CaMKII locus of the Por 
and Jean strains that carries a 125-bp insertion in the Por strain. b, Pool- 
seq reads (>150x coverage) of this position for Por and Jean, as shown 
in the integrated genome viewer (IGV). The reference genome does not 
have the 125-bp insertion. At the position marked by the red box, the 
Jean strain has a 4-bp polymorphic indel (ATAC, frequently misaligned 


due to a SNP 8 bp downstream), whereas the Por strain has the 125-bp 
insertion (but not the 4-bp ATAC insertion). In Jean all reads span the 
indel, suggesting that if the 125-bp insertion is present in Jean at all, its 
frequency is very low. In contrast, in Por all reads but one end at this 
position, suggesting the frequency of the 125-bp insertion in Por is 154 of 
155 reads or >0.99. 
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Extended Data Figure 8 | Model of circadian timing adaptation via sequence differences in the CaMKII.1 genomic locus. Exon coloration as in Fig. 
2b. The arrows with question marks indicate possible pathways that alone or in combination could mediate the effect of CaMKII.1 on timing. Dotted 
lines, indirect effects. 
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Extended Data Figure 9 | Analyses overview. a, Overview of the genome assembly process. b, Overview of the population genomic analyses. 
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Extended Data Figure 10 | Arrangement of the mitochondrial genome and of the histone gene cluster in C. marinus. a, b, mitochondrial genome (a) 


and histone gene cluster (b) arrangements in C. marinus. Protein-coding genes are shown in black, tRNAs and rRNAs in grey. 
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Correcting mitochondrial fusion by 
manipulating mitofusin conformations 


Antonietta Franco!*, Richard N. Kitsis”*, Julie A. Fleischer!, Evripidis Gavathiotis*, Opher S. Kornfeld*, Guohua Gong}, 
Nikolaos Biris*, Ann Benz, Nir Qvit*, Sara K. Donnelly®, Yun Chen?, Steven Mennerick®, Louis Hodgson®, Daria Mochly-Rosen* 
& Gerald W. Dorn II! 


Mitochondria are dynamic organelles that exchange contents and undergo remodelling during cyclic fusion and fission. 
Genetic mutations in MFN2 (the gene encoding mitofusin 2) interrupt mitochondrial fusion and cause the untreatable 
neurodegenerative condition Charcot- Marie-Tooth disease type 2A (CMT2A). It has not yet been possible to directly 
modulate mitochondrial fusion, in part because the structural basis of mitofusin function is not completely understood. 
Here we show that mitofusins adopt either a fusion-constrained or a fusion-permissive molecular conformation, directed 
by specific intramolecular binding interactions, and demonstrate that mitofusin-dependent mitochondrial fusion can be 
regulated in mouse cells by targeting these conformational transitions. On the basis of this model, we engineered a cell- 
permeant minipeptide to destabilize the fusion-constrained conformation of mitofusin and promote the fusion-permissive 
conformation, reversing mitochondrial abnormalities in cultured fibroblasts and neurons that harbour CMT2A-associated 
genetic defects. The relationship between the conformational plasticity of mitofusin 2 and mitochondrial dynamism 
reveals a central mechanism that regulates mitochondrial fusion, the manipulation of which can correct mitochondrial 


pathology triggered by defective or imbalanced mitochondrial dynamics. 


Mitochondria fuse together to transfer genetic information and pro- 
mote mutual repair through content exchange. Tethering and fusion 
of the mitochondrial outer membrane is mediated by mitofusins 
(Mfn) 1 and 2 and is essential both for embryonic development!3 and 
tissue homeostasis*°. The multiple mutations that provoke MFN2 
dysfunction can cause the untreatable neurodegenerative condition 
CMT2A’. The obligate initial step in mitochondrial fusion is formation 
of mitochondria—mitochondria tethers. Mitofusins on different mito- 
chondria undergo GTPase-independent trans-dimerization through 
the anti-parallel binding of their extended C-terminal a-helical 
domains®. Mitofusins are conventionally thought to exist in a consti- 
tutively ‘active’ extended molecular conformation that is permissive of 
tethering; however, there is a lack of specific contextual data on other 
possible structural determinants of mitofusin-mediated mitochondrial 
tethering. Here, on the basis of domain similarity between human 
mitofusins and the prototypical dynamin superfamily protein bacterial 
dynamin-like protein (DLP)’, we posit that mitofusins can adopt a 
more folded molecular conformation. Such conformational plasticity 
could be experimentally and therapeutically manipulated to enhance or 
suppress mitochondrial tethering and subsequent tethering-dependent 
organelle fusion. 


Conformational malleability of MFN2 

MEN1 and MEN2 share an N-terminal GTPase domain followed by a 
first coiled-coil heptad-repeat region (HR1), two adjacent small trans- 
membrane domains and a second, C-terminal, coiled-coil heptad- 
repeat region (HR2) (Fig. la). Amino-acid conservation is highest 
in the GTPase, transmembrane and HR2 regions (Extended Data 
Fig. la). HR2 domains that extend from MFN molecules on different 


mitochondria dimerize to tether the organelles® (Fig. 1b) and HR2 
can also bind HR1 (ref. 10). Using the crystal structure of bacterial 
DLP? to model the structure of MEN2, we refined the identities of 
HR2 amino acids that mediate intermolecular HR2-HRz2 tethering® 
(Extended Data Fig. 1b and Supplementary Video 1). We also pre- 
dicted that these same amino acids mediate the intramolecular 
antiparallel binding of HR2 to HRI (Fig. 1c, Extended Data Fig. 1c 
and Supplementary Video 2). Local unfolding and bending of the 
HR1 a-helix at amino acids 384-387 (Arg-Glu-Gln-Gln) constrains 
the HR2 binding region to within the core MFN2 globular structure. 
This restrains HR2, which we predict to bend at amino acids 712-715 
(Gln-Glu-Ile-Ala) (Figs 1c, d and Supplementary Video 3). 
This configuration would not be conducive for mitochondrial 
tethering, which requires the cytosolic extension of HR2 (Fig. 1d 
and Supplementary Video 4). 


Manipulating fusion with HR1 minipeptides 

We examined the functional importance of intramolecular binding 
between MFN2 HRI and HR2 by introducing a recombinant MFN2 
HRI minipeptide fragment on an adenovirus vector, containing the 
sequences predicted to mediate intramolecular HR1-HR2 binding 
(MP-HR1) into mouse embryonic fibroblasts (MEFs). According to 
our proposed mechanism, the competition for intramolecular HR1- 
HR2 interactions by free HR1 domains should unfold the protein, 
extend the terminal HR2 arm and promote mitochondrial tethering 
or fusion. Indeed, MP-HR1 increased the mitochondrial aspect ratio 
(the ratio of the mitochondrial major axis dimension (or length) to 
minor axis dimension (or width), reflecting fusion) in both wild-type 
and Mfn2-null'! MEFs (Fig. le). Thus, conformational plasticity and 


1Center for Pharmacogenomics, Department of Internal Medicine, Washington University School of Medicine, St. Louis, Missouri, USA. 7Departments of Medicine (Cardiology) and Cell Biology 
and Wilf Family Cardiovascular Research Institute, Albert Einstein College of Medicine, Bronx, New York, USA. 7Departments of Biochemistry and Medicine, Wilf Family Cardiovascular Research 
Institute, Albert Einstein Cancer Center, Albert Einstein College of Medicine, Bronx, New York, USA. “Department of Chemical and Systems Biology, Stanford University, School of Medicine, 
Stanford, California, USA. Department of Psychiatry and Taylor Family Institute for Innovative Psychiatric Research, Washington University School of Medicine, St. Louis, Missouri, USA. 
®Department of Anatomy and Structural Biology, Gruss-Lipper Biophotonics Center, Albert Einstein College of Medicine, Bronx, New York, USA. 

*These authors contributed equally to this work. 


74 | NATURE | VOL 540 | 1 DECEMBER 2016 
© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. 


ARTICLE 


a hMFN1 73 244 317 400 580 627 662 737 
hMFN2 94 265 338 421 599 646 681 757 
J ctPase ™ HR2 
c 
e 


-_ A e. ne! 


Figure 1 | Intramolecular interactions between MFN2 HRI and HR2 
modulate mitochondrial fusion. a, Domain model of human MFN 
structure. The GTPase domain is purple, HR1 is red, transmembrane 
(TM) is black, HR2 is green. b, Trans-MFN-MEN interaction, producing 
the mitochondrial tethering that precedes outer membrane fusion. 

c, Intramolecular human MFN2 HRI (red)-HR2 (green) interactions based 
on crystal structures of bacterial DLP. d, Homology model of human MFN2 
showing putative constrained/inactive (left) and extended/active (right) 
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results are shown on the right. Group data are mean + s.e.m.; *P < 0.05 
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condition. Scale bars, 101m. 


J 


MP1s MP1s 
2 10 210) % « ry _ 
6 hPEG + TAT-MP20¥ = Gy 3 8 3 8 
27 Q Q 
oO oO 
z 50 +4 3 6 a 6p 
9 40 2 2 5 
3 
3 30 8 e 4 mp2cly 2 aps ite 7 
Za; + 2 OM oe 8 2 5] ° pow 
5 ° = ? = (1 uM) 
a 
2 * 
8 ols =s a 0 +}. 
ee ane 0.001 0.01 01 1 10 0 2 4 6 8" 22 24 
CE ‘ = i 
ss : CE ee [Peptide] (uM I") Time (h) 


Figure 2 | Adenovirally expressed Gly-substituted minipeptides derived 
from MFN2 HRI regulate Mfn-mediated mitochondrial fusion. 

a, Derivation of HR1 minipeptides and their predicted binding to HR2. 

On the right panel, red shows location of the critical cae substitution. 
b, Ribbon representations showing (top) TAT-MP1° (blue) interrupting 
intramolecular HR1-HR2 binding, and (bottom) TAT- Sates (yellow) 
interrupting the intermolecular HR2-HR2 interaction essential to 


mitochondrial tethering. c, Mitochondrial content exchange (red-green 
overlay) 6h after polyethylene glycol (PEG)-mediated cell fusion. 

Scale bar, 201m. n=3 experiments measuring ~50 cells each; *P < 0.01 
versus those treated with PEG alone (ANOVA and Tukey’s test). 

d, TAT-minipeptide dose-response at 4h (left, 1 =6 or 7) and time- 
course of 11M effects (right, n =3). Group data are mean +s.e.m. 
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Figure 3 | Molecular effects of HR1-derived TAT-minipeptides on 
MEN2. a, Confocal localization of FITC-labelled TAT-minipeptides 
(green) in wild-type (WT) MEFs (left) and Mfn null MEFs (Mfn1/Mfn2 
double knockout (DKO); right). Red mitochondria were stained with 
MitoTracker Orange; blue is nucleus (Hoechst). Line-scans are to the right 
of their respective images. Representative of >20 images per group. Scale 
bars, 541m. b, Peptide binding to Mfn2. Group data are mean + s.e.m.; 


reversible intramolecular HR1-HR2 binding can be as important as 
intermolecular HR2-HR2 binding for Mfn function. 

To localize HR1-HR2 binding domains, we used an adenovirus 
vector to express minipeptides that flank the HR1 Arg-Glu-Gln-Gln 
bend. These were minipeptide 1 (MP1, a minipeptide made up of 
residues 367-384 of MFN2), MP2 (made up of residues 398-418) and 
MP3 (made up of residues 428-448). We also engineered mutated 
minipeptides, substituting the centrally positioned leucine residues for 
either glycine residues (to increase flexibility in the secondary structure) 
or proline residues (to break the a-helix). MP3 and its Gly- and 
Pro-substituted mutant counterparts did not affect mitochondrial 
aspect ratio, whereas MP1° and MP2°" (the glycine-substituted 
minipeptide counterparts of MP1 and MP2) consistently had opposing 
effects on mitochondrial morphology (Extended Data Fig. 2). 

MP-HR1, MP1° and MP2°"’ all altered the mitochondrial aspect 
ratio in MEFs that expressed Mfn1 or Mfn2 in any combination, 
but not in MEFs that completely lack mitofusins (Extended Data 
Fig. 2a). Thus, MFN2 HRI1-derived minipeptides modulate mitochon- 
drial fusion, mediated by either Mfn1 or Mfn2. MP1© and MP2¢Y 
did not adversely affect mitochondrial polarization status (Extended 
Data Fig. 2b), or Parkin recruitment and mitophagy induced by 
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n= 3 studies for baseline and 6 or 7 studies for cooperativity. *P < 0.05 
versus same peptide alone (t-test). c, Carboxypeptidase protection assays. 
Anti-Mfn2 recognizes HR2 (human MFN2 amino acids 661-758). Arrows 
show MEN2; gel source images are shown in Extended Data Fig. 1. 

d, MEN2 live cell FRET studies. Representative images are on the left; 
quantitative data (mean + s.e.m., m= 10) are to the right. Arrow indicates 
time of TAT-peptide addition. 


mitochondrial uncoupling (Extended Data Fig. 2c), which are also 
affected by mitofusins!*'’. 

According to our molecular model of MFN2, the fusion-promoting 
MP1°" should bind amino acids 716-736, near to the MEN2 C terminus 
(Fig. 2a). Competition for intramolecular HR1-HR2 binding by the 
peptide would release HR2 from its HR1 anchor and permit it to 
unfold into a cytosol-extended conformation (Fig. 2b). By contrast, the 
fusion-suppressing MP2°” should bind HR2 at amino acids 682-701 
(Fig. 2a), thus interrupting the HR2-HR2 interactions that are essential 
for transmitochondrial tethering (Fig. 2b). 

We studied our minipeptides after synthesizing them as cell- 
permeant C-terminal TAT 47-57 (residues 47-57 of the HIV transac- 
tivator protein, which are able to directly transport through the cell 
membrane) conjugates. The fusion-mediated mixing of mitochondrial 
contents!+ was more than doubled by the addition of 1 ,1M TAT-MP1¢¥ 
for 6h, whereas 1\1M TAT-MP2°" completely suppressed mitochon- 
drial fusion (Fig. 2c). The mitochondrial aspect ratio changed in 
parallel (Fig. 2d), with ECs values of 280 +90 nM and 250 +90nM 
for TAT-MP1°" and TAT-MP2°" effects, respectively (Fig. 2d and 
Extended Data Fig. 3a). The abundance of proteins involved in mito- 
chondrial dynamics (Extended Data Fig. 3b, c), MFN2 GTPase activity 
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Figure 4 | TAT-MP1°" normalizes mitochondrial dysmorphology 
induced by the CMT2A mutant MFN27!%™, a, Schematic representation 
of the conditional MFN2™! transgene construct (top). Time course of 
mitochondrial fragmentation after Cre-mediated induction of MFN21™10M 
(bottom). Group data are mean + s.e.m., n = 3; *P < 0.05 versus 24 h same 
treatment group (ANOVA). b, Immunoblot analysis of mitochondrial 
dynamics factors in MFN2"!°M MEFs treated as indicated above; gel source 
data are in Extended Data Fig. 1 and quantitation is in Extended Data 


(Extended Data Fig. 4a), and mitochondrial polarization and cell 
viability (Extended Data Fig. 4b) were unaffected by the minipeptides. 


HR1 minipeptides alter MFN2 conformation 

Additional studies validated the conformational-shift mechanism 
of minipeptide action: FITC-labelled TAT-conjugated minipeptides 
decorated mitochondria in normal cells, but not in cells that lacked 
mitofusins (Mfn1/Mfn2 double-knockout MEFs) (Fig. 3a). The 
binding of minipeptides to recombinant Mfn2 was positively 
cooperative (Fig. 3b), consistent with the destabilization of highly 
folded Mfn2 by MP1° and thus facilitating the binding of MP2°" to 
newly extended C-terminal HR2 domains. We demonstrated that TAT- 
MP1°" promoted MFN2 HR2 unfolding and extension by showing 
that it accelerated C-terminal-directed proteolytic digestion of MFN2 
(TAT-MP2°" had the opposite effect) (Fig. 3c). Finally, using Forster 
resonance energy transfer (FRET), we determined that TAT-MP2° 
promotes a more folded conformation of human MEN2, tagged at 
the N terminus with mCerulean1 and the C terminus with mVenus1 
(Fig. 3d). Collectively, the data in Figs. 2, 3 demonstrate that the effects 
of MFN2 HR1-derived minipeptides on mitochondrial fusion derive 
from their ability to promote or suppress the unfolding of Mfn2 and 
the extension of its HR2 domain. 


Correcting mitochondrial fusion defects 

Pathological mitochondrial fragmentation in CMT2A is caused by 
nonsense or damaging non-synonymous MFN2 mutations’. We 
simulated compound nonsense MFN2 mutations seen in autosomal 
recessive CMT2A by Mfn2 gene ablation. TAT-MP1°" treatment for 
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Fig. 8d. MW, molecular weight. c, Confocal micrographs (representative 
of >15 per group) showing mitochondrial fragmentation evoked by 
MEN2")™, its normalization 24h after application of 11M TAT-MP1°", 
and its exaggeration 24h after 11M TAT-MP1°", Experimental design is 
depicted above. Scale bars, 101m. On the right are group data; n =3 or 4. 
Group data are mean + s.e.m.; *P < 0.05 versus control, +P < 0.05 versus 
Cre (ANOVA). 


24h normalized the mitochondrial aspect ratio of Mfn2-knockout 
MEFs (Extended Data Fig. 5). However, after the adenoviral 
introduction of mouse Mfn2*!%4 (a GTPase-defective mutant), TAT- 
MP1°" did not correct mitochondrial fragmentation in Mfn1/Mfn2- 
null MEFs’* (although mitochondrial clumping suggested enhanced 
mitochondria—mitochondria tethering in the absence of organelle 
fusion) (Extended Data Fig. 6). An Mfn2 amino-acid mutant with 
normal fusion activity but defective Parkin binding (T111 and $442 
alanine mutants!”"') responded similarly to wild-type Mfn2. 

These findings hint at the therapeutic potential of compelling 
endogenous normal mitofusins into their active, unfolded conforma- 
tion in order to overcome dominant inhibition by GTPase-defective 
MEN2 mutants in diseases like CMT2A. To test this notion, we used 
MEFs that express the CMT2A-causative mutant haman MFN27!0M 
(refs 16,17) as a conditional flox/stop (fl/st) transgene (Figs 4a, b). 
Mitochondria of MFN2" fl/st MEFs fragmented and depolarized 
after adenoviral-Cre application (Figs 4a, c), but addition of 11M 
TAT-MP1°" rapidly reversed mitochondrial abnormalities. By contrast, 
suppressing mitochondrial fusion with TAT-MP2° aggravated 
mitochondrial dysmorphology and exacerbated the mitochondrial 
depolarization that was induced by MFN27!°™ (Fig. 4c). Parallel 
adenoviral expression of wild-type MFN2 at more than twice the 
levels of MFN21!°™ (fivefold versus twofold) provoked neither 
mitochondrial nor cellular toxicity (Extended Data Fig. 7). 


Repairing neuronal CMT2A pathology 
As neurons are the cell type most relevant to CMT2A, we examined 


the effects of TAT-MP1°" on cultured rat neurons bearing the 
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Figure 5 | TAT-MP1°Y corrects mitochondrial pathology in CMT2A 
MEN2"!® mouse neurons. a, Experimental design. Inset shows PCR 
genotyping of a MFN2"!° fl/st transgene (arrow) mouse litter whose 
pups were used for neuron harvesting and culture. b, Immunoblot of 
Mfn2 expression in MFN2™!° fl/st cortical neurons 72h after adenoviral 
transfection of Cre or B-gal (control) (quantitative data to the right are 
n= 4); gel source images are shown in Extended Data Fig. 1. c, Merged 
live confocal images of cultured neurons without (no Cre) and with 

(with Cre) MFN2"!0™ induction, and in MEN2!!°-induced neurons 
24h after addition of 11M TAT-MP1©Y, Scale bars, 10 jum. d, MEN2!105M 
expressing neurons without (top) and with (bottom) 24-h treatment with 


GTPase-defective MFN2%! mutant and found that its addition 
corrected mitochondrial pathology (Extended Data Fig. 8). We tested 
fusion-promotion further through the conformational manipula- 
tion of mitofusins in cultured neurons from mouse pups carrying 
the conditional MFN2!!9™ fl/st expression allele, a ‘disease in a dish’ 
model of a naturally occurring human CMT2A mutation (Fig. 5a). 
Live-cell analysis demonstrated that adeno-Cre induction of 
MEN210 (Fig. 5b) evoked widespread neuronal mitochondrial dys- 
morphology, with fragmentation and partial depolarization (Fig. 5c, d 
and Extended Data Fig. 9). Mitochondrial clumping was prevalent after 
induction of MFN2!!°5M, which was consistent with the interruption 
of GTP-dependent mitochondrial fusion but preserved GTPase- 
independent mitochondrial tethering (Fig. 5d). Addition of 11M 
TAT-MP1°" for 24h largely reversed these abnormalities (Fig. 5c, d 
and Extended Data Fig. 9). 
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1M TAT-MP1“, Scale bars, 40 jum (left two images of each panel); 
101m (right two images of each panel). Quantitative data are to the 
right; each point is a result from one of three independently-established 
MEN2"! neuronal cultures, each with three biological replicates of 
~20 neurons. Group data are mean + s.e.m.; *P < 0.01 versus no Cre; 
+P <0.01 versus MFN2'!°™ + Cre. e, (left) Schematic depiction of the 
folded (with HR2 constrained; left) and unfolded (with HR2 extended; 
right) mitofusin conformations; HR2 unfolding is below. HR2 flexing at 
Gly 623/642 after trans-association of HR2 domains (right); molecular 
patch formed between mitochondria by coincident GTP-dependent/ 
GTPase domain-mediated cis Mfn2 dimerization is below. 


Discussion 

By combining computational modelling of the structure of mitofusins 
(based on the crystal structure of bacterial DLP) with functional inter- 
rogation of intramolecular mitofusin interactions using engineered 
competing peptides, we provide evidence for two functionally distinct 
conformational states of mammalian mitofusins. The contrasting 
effects of the engineered minipeptides on mitochondrial fusion were 
linked to their reciprocal modulation of mitofusin HR1 folding and 
unfolding. 

The canonical representation of MFN1 and MEN2, as described by 
Chan and colleagues’, is of a protein anchored to the outer mitochon- 
drial membrane by a transmembrane domain, with N- and C-terminal 
structures extending perpendicularly into the cytosol. This resembles 
an unfolded MEN conformation that is optimal for mitochondrial 
tethering and therefore permissive of fusion. Our model suggests, 
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however, that the core globular MFN molecule is adherent to the 
mitochondrial membrane. Moreover, in the resting state, or that non- 
permissive to tethering, the HR2 domain is restrained by antiparallel intra- 
molecular binding to HR1; destabilization of this binding allows HR2 
to unfold and extend into the cytosol, into a tethering-permissive state. 

Conformational plasticity has important implications for the mito- 
chondrial gap-distance that is maintained by Mfn-Mfn tethering, 
variously reported as 78 + 37 A (ref. 18) or 159 £30A (ref. 8). On 
the basis of a calculated HR2 arm-length of 150A that begins from 
the putative Gly ‘shoulder’ at the C terminus of the transmembrane 
domain (Gly623 of MEN1; Gly642 of MEN2), and accounting for the 
60-amino-acid overlap of the HR2-HR2 homodimer, the maximal 
tethered mitochondrial gap distance according to our model would be 
245 A. However, flexing of each MFN HR2 at its shoulder would retract 
tethered mitochondria (Fig. 5e), narrowing the gap between them. The 
crystal structure of bacterial DLP indicates that the binding of GTP 
promotes DLP dimerization at GTP-binding domains’. The same GTP- 
dependent event for MFN2 would, with concomitant trans-dimerization 
of HR2 domains, create a multimeric molecular patch between two 
adjoining mitochondria, facilitating GTP-dependent outer-membrane 
fusion (Fig. 5e). Thus, MFN structural malleability may be important 
not only to initiate tethering, but to facilitate the progression from 
organelle tethering to apposition and then union. 

In designing our conformation-altering minipeptides, we contem- 
plated the difficulty of destabilizing a constrained MFN structure 
using peptides identical to the parent HR1 domains with which they 
were intended to compete. Accordingly, we substituted rotational Gly 
residues for Leu residues facing away from the putative HRI-HR2 
(MP1°) and HR2-HR2 (MP2°") interaction sites. The importance of 
minipeptide flexibility at these sites was confirmed by their functional 
inactivation by substitution with rigid proline residues at the same 
positions. 

Our fusogenic cell-permeant peptide, TAT-MP 1°", reversed mito- 
chondrial dysmorphology and depolarization both in otherwise 
normal MEFs and in cultured neurons expressing either the artifi- 
cial GTPase-deficient Mfn2*!°"4 mutant or the naturally occurring 
human CMT2A GTPase mutant, MFN2?!0, Because TAT-MP1° 
did not correct the mitochondrial pathology induced by Mfn2*14 in 
mitofusin-null cells, we conclude that rescue of the in vitro CMT2A 
models is due to enhanced mitochondrial tethering and fusion mediated 
by endogenous normal Mfn1 and Mfn2. Most CMT2A mutations, 
including MEN2!!05M, are autosomal dominant—patients have one 
mutant MFN2 allele, one normal MFN2 allele, and two normal MFN1 
alleles’. Thus, rather than relying exclusively on genetic engineering 
to correct or silence MFN2 gene mutations, pharmacologically 
unfolding endogenous normal mitofusins to promote mitochondrial 
tethering and enhance fusion could prove beneficial in CMT2A and 
pathophysiologically related diseases. 


Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper. 
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METHODS 

Cell lines. Wild-type MEFs were prepared from embryonic age (E)10.5 C57BL/6 
mouse embryos. $V-40 T-antigen-immortalized Mfn1-null (CRL-2992), Mfn2- 
null (CRL-2993) and Mfn1/Mfn2-double-null MEFs (CRL-2994), originally 
developed by D. Chan’, were purchased from ATCC. MEFs conditionally 
expressing the human Mfn2™!°M mutation were prepared from E10.5 embryos 
of C57BL/6-Gt(ROSA)26Sor|tm1(CAG-MFN2*T 105M) Dple}/] mice purchased 
from The Jackson Laboratory (Stock No: 025322). All cell lines were tested for 
mycoplasma and found to be mycoplasma-free. MEFs were maintained in DMEM 
containing 4.5 g1~! glucose (or galactose, where specified) supplemented with 10% 
fetal bovine serum, 1 x nonessential amino acids, 2mM t-glutamine, 100 U ml"! 
penicillin and 100j:g ml“! streptomycin. 

Cultured mouse neurons. Hippocampal and cortical neurons were prepared from 
individual postnatal day (P)0-1 mouse pups using a modification of methods 
described for rat neuronal culture’’. Mouse pups were genotyped after neuron 
preparation to determine the presence or absence of the MFN2™!°™ transgene; 
neurons derived from mice lacking the transgene were designated as normal 
controls. After 10 days of culture, neurons were infected with Adeno-Cre or 
Adeno-8gal control (50 MOD). After 72h, 11M TAT-MP1°" or vehicle was added. 
Live neurons were imaged as described below. 

Cultured rat motor neurons. Motor neurons were isolated from E17 Sprague- 
Dawley rats and cultured as described”°. After 10 days in culture, neurons were 
infected twice, 8h apart, with 50 MOI of adenoviral wild-type Mfn2 or Mfn214 
and treated with 11.M TAT-MP1°" or control TAT peptide for 24h. The 
mitochondria of formalin-fixed neurons were labelled with anti-TOM20 (Santa 
Cruz Biotechnology); neurons were stained with Hoechst 33342. Laser confocal 
imaging using a 63x oil objective was used to identify isolated mitochondria to 
determine aspect ratio. 

Adenoviral stocks. Empty adenovirus (Ad-CMV-Null; #1300) and adenovirus 
expressing ($-galactosidase (Ad-CMV-b-Gal; #1080) or Cre recombinase 
(Ad-CMV-iCre; #1045) were obtained from Vector Biolabs. Adenoviral expression 
vectors for human Mfn2 HR1 and the minipeptides and their Gly- or Pro-mutant 
counterparts were generated and amplified using standard methods. Adenoviral 
vectors at an MOI of 100 were added to MEFs when at 50% confluence. Adeno- 
PA-GFP (mitoGFP) and adeno-mitoDsRed2 (both from SignaGen Laboratories) 
were added to cultured mouse neurons at an MOI of 10 or 50. 

Antibodies and immunoblotting. Anti-Mfn1 (sc-50330) and anti-Opal 
(sc393296) were obtained from Santa Cruz. Anti-Mfn2 (ab56889), anti-Drp1 
(ab56788), and anti-GAPDH (ab8245) were obtained from Abcam. Anti-MFF 
(17090-1-ap) was obtained from Proteintech. Cell-protein lysates were size- 
separated on 10% SDS-PAGE gels, transferred onto nylon membranes, incubated 
with primary antibody and detected with peroxidase-conjugated anti-mouse 
secondary antibody (Cell Signaling, 7076S, 1:4,000) or goat anti-rabbit secondary 
antibody (Thermo Scientific, 31460, 1:4,000) using enhanced chemiluminescence 
substrate (PerkinElmer, NEL105001EA) on a Li-COR Odyssey system for digital 
acquisition. Gel source data are shown in Supplementary Fig. 1 
Carboxypeptidase protection assay of Mfn2. Mitochondrial membranes were 
prepared’ from mouse hearts overexpressing human Mfn2! and digested with 
200ng ml! each of carboxypeptidases A and B (Sigma-Aldrich) for increasing 
times at room temperature, followed by immunoblotting using an antibody 
(Abcam ab56889) specific to human Mfn2 HR2. 

Live-cell imaging. MEFs or neurons were grown on chamber slides and infected 
with recombinant adenovirus for 48-72 h unless otherwise indicated. MEFs 
were stained with MitoTracker Green (200 nM, Invitrogen M7514) and Hoechst 
(10 mg ml“, Invitrogen H3570), with or without tetramethylrhodamine ethyl 
ester (TMRE; 200 nM, Invitrogen T-669), which stains normally polarized 
mitochondria. Neuronal mitochondria were labelled with adenoviral- 
expressed mitoGFP plus TMRE, or with adeno-mitoDsRed for time-lapse 
studies. Cover slips were loaded onto a chamber (Warner instrument, 
RC-40LP) in modified Krebs—Henseleit buffer (138 mM NaCl, 3.7mM KCl, 
1.2mM KH2POg,, 15 mM Glucose, 20 mM HEPES and 1 mM CaCl,) at room 
temperature and visualized on a Nikon Ti Confocal microscope equipped 
with a 60x 1.3 NA oil-immersion objective. For mitophagy studies, MEFs 
were stained with MitoTracker Green and transfected with mCherry-Parkin 
on an adenovirus vector or stained with LysoTracker Deep Red (50 nM, 
Invitrogen L-7528); carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 
(FCCP, 10\1M for 1h) was applied as a positive control. Mitochondrial fusion 
was measured 2 and 6h after the PEG-mediated cell fusion of MEFs treated 48h 
previously with adenovirus-transfected mitoGFP or adeno-mitoDsRed™. Laser 
confocal fluorescence was excited with 561 nm (for MitoTracker Green, GFP, 
FITC), 637 nm (for TMRE, LysoTracker Red, mCherry—Parkin, MitoTracker 
Orange) or 408 nm (for Hoechst) laser diodes. 


Image analysis. Mitochondrial aspect ratio was calculated using automated edge 
detection and Image J software as described®. Mitochondrial depolarization was 
calculated as the percentage of green mitochondria visualized on MitoTracker 
Green and TMRE merged images, expressed as green/(green + yellow mito- 
chondria) x 100. Parkin aggregation was calculated as the percentage of cells 
with mitochondrial clumping of mCherry—Parkin®. Lysosomal engulfment of 
mitochondria was identified by the co-localization of LysoTracker Red and 
MitoTracker Green’. 
TAT-minipeptide design, synthesis and use. We designed three polypeptides 
derived from MFN2: two from the HRI region flanking its REQQ bend and one 
from the adjacent C-terminal area between HR1 and the transmembrane domain. 
Since these peptides are derived from «-helical domains, we attempted to conserve 
their secondary structure by maintaining a length of ~20 amino acids, which 
was predicted to create a stable «-helix of about five turns. We considered that 
the native ~20 amino acid polypeptides might not effectively compete with the 
endogenous HR1-HR2 interactions, as each represents only a portion of the overall 
HR1-interacting domain. We therefore generated two analogues for each of the 
three polypeptides, substituting the mid-peptide Leu residues for either Gly or 
Pro. We predicted that substituting Gly for the central Leu residues would increase 
the rotational flexibility of the peptide and enhance its ability to compete for, and 
interfere with, endogenous inter-domain interactions in intact Mfn2. Conversely, 
we reasoned that peptides in which Pro was substituted for the central Leu residue 
would be less active as the a-helix would be kinked, thus limiting competition for 
endogenous interactions. The nine polypeptides were expressed using adenovirus 
as mini-genes for screening and initial characterization. The two biologically 
active polypeptides, MFN2 MP1°’ and MP2°"y, were chemically synthesized and 
introduced into cells using TAT 47-57 conjugation, which enabled transmembrane 
delivery*!. Except for dose-response studies, 1 mM stock concentrations of TAT- 
minipeptides in sterile water were applied to cultured MEFs at a dilution factor of 
1:1,000 or 1:200 to achieve final concentrations of 1 or 54M. 

Parent peptide sequences (the central Leu that was mutationally substituted is 
underlined) are: 

MEN2 367-384 (MP1): DIAEAVRLIMDSLHMAAR 

MEN2 398-418 (MP2): QDRLKFIDKQLELLAQDYKLR 

MEN2 428-448 (MP3): RQVSTAMAEEIRRLSVLVDDY 
GTPase assay. The effects of each minipeptide on Mfn2 GTPase activity were 
evaluated by incubating recombinant Mfn2 (100 ng; OriGene) with 1 |1M con- 
trol TAT peptide, TAT-MP1°, or TAT-MP2°Y for 15 min before the addition of 
0.5mM GTP for 1h at 37°C. GTPase activity, relative to no-peptide control, was 
measured using a colorimetric GTPase assay kit (Novus Biologicals) following the 
manufacturer’s instructions. 
Minipeptide-Mfn2 binding assay. Mfn2 was bound to carboxylic acid sites of 
AGILE (Nanomedical Diagnostics) graphene chips” as previously described”’. 
Minipeptides were applied at varying concentrations (500 nM-1 mM) and the 
change in sensor chip-charge was recorded for 15 min. Responses of 25 sensors 
ona single assay-chip were averaged. A Hill-equation fit was used to derive the Kg. 
All samples were identical before allocation of treatments and analyses were 
performed by an observer blinded to the experimental conditions. 
Mfn2 FRET assay. mCeruleanl and mVenus reporter genes were cloned onto 
the 5’ and 3’ ends of human Mfn2 cDNA in pcDNA3.1 and confirmed by DNA 
sequencing. Lipofectamine-transfected biosensor-expressing HEK 293T cells were 
imaged on an Olympus [X81 ZDC inverted microscope under 40 x magnification. 
mCerulean was excited at 436 nm with emission at 480 nm. mVenus was excited 
at 500 nm with emission at 535 nm. FRET was imaged with excitation at 436 nm 
and emission at 535 nm. Studies were performed after adding GTP)S (1mM, 
Sigma-Aldrich) to suppress Mfn2 GTPase activity. Live-cell FRET data were 
acquired every 60s for 15 min before and 90 min after addition of TAT-conjugated 
minipeptides (541M). 
Computational modelling of Mfn2 structure. The I-TASSER (Iterative Threading 
ASSEmbly Refinement) hierarchical approach to protein structure was used to derive 
a structural model of MFN2 (ref. 24). Structural templates are identified from the 
PDB database (http://www.rcsb.org/pdb/home/home.do) through sequence- 
similarity searches (threading). The top ten solutions were based on the bacterial 
dynamin-like protein structures in the PDB (ID: 2J69). The confidence of each 
model is quantitatively measured by C-score, calculated based on the significance 
of threading template alignments and the convergence parameters of the structure 
assembly simulations. C-score is typically in the range of [—5, 2], where a C-score 
of a higher value signifies a model with a higher confidence and vice versa. 
The C-score in the top solution was —1.14. Another measure of the quality of 
a predicted structure is its estimated template-modelling score. The template- 
modelling score is a scale for measuring structural similarity and is estimated based 
on the C-score and protein length following the correlation observed between these 
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qualities. A template-modelling score >0.5 indicates a model of correct topology 
and a template-modelling score < 0.17 means a random similarity. The estimated 
template-modelling score of the top solution is 0.57 + 0.15. Energy minimization 
and analysis of the structure was performed with MAESTRO tools (Maestro, 
v10.5, Schrédinger, LLC). PYMOL (The PyMOL Molecular Graphics System. v1.7; 
Schrédinger, LLC) was used for preparing images and videos. 

Statistical analyses. The experiments were not randomized. Sample-size for mito- 
chondrial studies was established a priori based on published experiments having 
similar endpoints®; experimental variance was similar between study groups and 
cell lines. Data are reported as mean +s.e.m. Statistical comparisons (two-sided) 
used one-way ANOVA and Tukey’s test for multiple groups or Student's t-test for 
paired comparisons. P < 0.05 was considered significant. 

Data availability statement. All data generated or analysed during this study are 
included in this published article and its Supplementary Information files. 
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a hMfnl1 1 MAE-PVSPLKHFVLAKKAITAIFDOLLEFVTEGSHFVEATYKNPELDRIATEDDLVEMQG 59 
MAE SPLKHFV AKK I IF+QL ++ E + F+E TY+N ELD + TE+ +++++G 
hMfn2 21 MAEVNASPLKHFVTAKKKINGIFEQLGAYIQESATFLEDTYRNAELDPVTTEEQVLDVKG 80 
hMfnl 60 YKDKLSIIGEVLS 119 
Y K+ I EVL+ 
hMfn2 81 YLSKVRGISEVL 140 
hMfnl 120 179 
hMfn2 141 200 
hMfn1 180 239 
hMfn2 201 260 
hMfnl 240 EPEYMEDVRRQHMERCLHFLVEELKVVNALEAQNRIFFVSAKEVLSARKQKAQGM 299 
EPEYME+VRRQHMERC FLV+EL VV+ +A +RIFFVSAKEVL+AR QKAQGM 
hMfn2 261 EPEYMEEVRRQHMERCTSFLVDELGVVDRSQAGDRIFFVSAKEVLNARIQKAQGM 320 
hMfnl 300 PESGVALAEGFHARLQE 359 
PE G ALAEGF Rt E 
hMfn2 321 PEGGGALAEGFOQVRMFE 380 
hMfnl 360 TEEVANKVSCAMTDEICR 419 
+TEEV +VS AM +EI R 
hMfn2 381 ITEEVERQVSTAMAEEIRR 440 
hMfnl 420 LSVLVDEFCSEFHPNPDVLKIYKSELNKHIEDGMGRNLADRCTDEVNALVLOTQQEIIEN 479 
LSVLVD++ +FHP+P VLK+YK+ELt++HIE+G+GRNt++DRC+ + + QOtt+I+ 
hMfn2 441 LSVLVDDYOQMDFHPSPVVLKVYKNELHRHIEEGLGRNMSDRCSTAITNSLOTMQQDMIDG 500 
hMfnl 480 LKPLLPAGIQDKLHTLIPCKKFDLSYNLNYHKLCSDFQEDIVFRFSLGWSSLVHRFLGPR 539 
LKPLLP ++ ++ L+P + F L+Y+LN KLC+DFQEDI F FSLGW+ LV+RFLGP+ 
hMfn2 501 LKPLLPVSVRSQIDMLVPROCFSLNYDLNCDKLCADFQEDIEFHFSLGWTMLVNRFLGPK 560 
hMfnl 540 NAQRVLLGLSEPIFQLPRSLASTPTAPTTPATPDNA-SQEEMUGMUR Ave Noausiuesule, §=598 
N++R L+G ++ Q+ R+ TP P+ P P- + +QEE [Vu Meaty NSS RSS US Ue, 
hMfn2 561 NSRRALMGYND---QVORPIPLTPANPSMPPLPOGSLTOEFEIQUMAIUNMMCIPASINSSSUuSUCe; §=617 
hMfnl 599 pple aa aude) ania AsNLe der NIPARY ERILSWITHAKERAFKQOFVNYATEKLRMIV 658 
Pee ACC) fn) Qiene) ae ee ee cee ea RLtTWIT AKERAFK+QFV +A+EKLt++++ 
hMfin2 618 [pvarcelenatane Weiser Neem cern gyY ERLTWITKAKERAFKROFVEHASEKLOLVI 677 
hMfnl 659 SST ATT AR CQQ DI QKQ EEEIAR PKE DQ EKI NN KL RNKSBRS 
sT + TFA LCQQVD+T++ LEBER K+I+ L+ +O0+ +KLLRNK 
hMfn2 678 SYT SGT AH CQQ DV REN EQEIAA NKK EV DSL SK KL RNKBA 
hMfnl 719 737 
hMfn2 738 756 


Human Mfn2 inter-molecular HR2-HR2 interacting residues 

hMfn2 —HR2 NH,* -GSNCSHQVQQELSGTFAHLCQOQVDVTRENLEQE IAA-MNKKIEV-LDSLOSKAKL-LRNKAGW-LDSE HOYLOPS-coo- 

hMfn2 —HR2 coo” -sPLMouTimnie spiw-cAknrii.K-Bxsolls pive-Bxxnfiaa-BeorBinerBvp—oociuarrcsLEQQVQHSCNSG-NH,* 
Human Mfn2 intra-molecular HR1-HR2 interacting residues 


hMfn2 — HR1 NH, -FONFERRFEECI§Q-@a---- EQ ae ee Lipps EQoVY@-- ERQGDREKFEDKOBELLBODEKLREKO-Ccoo 
hMfn2 — HR2 coo”; -SPQL FMNIES|9)- -iaw--| ILLKINKS QI)SD -INVEMIKKNIVIAA I EOQEINNE ooll--iralgrcsiEoowoueicnsl-Nnx,* 


Extended Data Figure 1 | Interacting domains in human mitofusins. red amino acids in HR2 are residues central to inter- or intramolecular 

a. Amino-acid alignment of human MFN1 and MEN2. Conservative binding. Areas where local unfolding of HR1 and HR2 a-helices occurs are 
amino-acid substitutions are indicated by plus symbols. MFN domains highlighted yellow-green. b. Antiparallel intermolecular MFN2 HR2-HR2 
are colour-coded as in Fig. 1a: purple is the GTPase domain, red is HR1, binding as predicted in ref. 8. c. Intramolecular MFN2 HR1-HR2 binding 
black is transmembrane, green is HR2. Yellow amino acids in HR1 and as depicted in Fig. 1c and Supplementary Video 2. 
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Extended Data Figure 2 | Adenovirally-expressed Gly-substituted 
mini-peptides derived from MFN2 HR1 specifically regulate 
Mfn-mediated mitochondrial fusion. a, Changes in mitochondrial 
aspect ratio provoked by the different Mfn expression profiles of 

MP1°" (adeno-367-384Gly) and MP2°" (adeno-398-418Gly) in 

MEFs, compared to MEFs transfected with wild-type Mfn2 (ad-WT 
Mfn2) and MP-HRI (adeno-HR1). Each point is the aspect ratio of an 
individual mitochondrion; group data are mean + s.e.m.; *P < 0.05 versus 
MEFs transfected with empty adenovirus (adeno-null) by ANOVA. 

Exact numbers of mitochondria measured from four or five separate 
experiments per condition are shown. b, Mitochondrial polarization status 
and aspect ratio in wild-type and Mfn2-knockout MEFs expressing 
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wild-type MFN2 or fragments thereof. Each point is the mean of 
approximately 20 mitochondria from approximately 5 cells in the number 
of independent experiments indicated on the graph. Group data are 

mean +s.e.m.; *P < 0.05 versus MEF mitochondria transfected with empty 
adenovirus vector by ANOVA. Representative (of 15-40 images per group) 
merged confocal images of wild-type MEFs transfected with MFN2, or the 
two biologically active peptides are to the right. Scale bar, 101m. 

c. MitoTracker Green and mCherry Parkin (top) or Lyso-Red (bottom) 
co-stained wild-type or Mfn2-knockout MEFs before (left) or 1 h after 
(right) treatment with 50 nM FCCP. Group data are mean + s.e.m.; 

there were no significant differences between groups (ANOVA; n= 3 
independent experiments per condition). Scale bars, 10 j1m. 
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Extended Data Figure 3 | Effects of TAT-conjugated minipeptides on 
MEFs. a, Merged confocal images (representative of 30) of mitochondria in 
MEFs 2h after application of TAT-MP1° (367-384Gly; top) or TAT-MP2° 
(398-418Gly; bottom). Complete dose-response relationship is in 

Fig. 2d. b, Immunoblot analysis of mitochondrial dynamics proteins 4h 
after application of TAT-MP1% (367-384) or TAT-MP2°" (398-418). 


Opal is the inner mitochondrial membrane fusion protein Optic 

atrophy 1; Drp1 is the fission protein Dynamin-related protein 1. Opal 
immunoblot was co-probed for Mfn2. c, Immunoblot quantification. Data 
are mean +s.e.m.; 1 =4 for Mfn2; n= 2 for all other proteins. Uncropped 
original blots are in supplementary information Fig. 1. 
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Extended Data Figure 4 | MFN2 HR1-derived TAT-minipeptides do was assessed as ethidium bromide uptake (c) in wild-type MEFs cultured 
not suppress GTPase activity, impair mitochondrial polarization, or in 4,500 mg 1“! glucose (left) or galactose (right) treated with or without 
increase cell death. a. Relative GTPase activity of recombinant MFN2 is 14M TAT-mini-peptide for 24h. n =3 or 4 independent experiments 
shown with respect to a no-Peptide control. Background signal from no per condition. All group data in panels a—c are mean +s.e.m. There were 
GTP blank was subtracted from each value before normalization. Data no significant differences between TAT-mini-peptide treatment groups 
are mean + s.d. of three independent experiments. b, c, Mitochondrial (ANOVA). 


depolarization was assessed as loss of TMRE staining (b) and cell death 
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Extended Data Figure 5 | TAT-MP1Gly rescues mitochondrial knockout (KO) at baseline or 24h after application of mini-peptide (left); 
dysmorphology in a cell model of autosomal recessive CMT2A. a representative normal MEF is shown for comparison. Mean normal MEF 
Representative (of 15-20 per group) confocal micrographs of Mfn2- mitochondrial aspect ratio is 6.2. Group data are mean + s.e.m.; *P< 0.05 
knockout MEFs with stained mitochondria (green) and nuclei (blue) versus control (ANOVA), n=3 or 4 per group. Scale bar, 101m. 
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Extended Data Figure 6 | Minipeptide effects on dysfunctional MFN2 (representative of 15 per group) are of merged MitoTracker Green (green) 
mutants. Wild-type MFN2 or the indicated mutants were expressed for and TMRE (red; stains active, polarized mitochondria) channels. Scale 


48 h using adenovirus vectors (ad) in Mfn-null MEFs (Mfn1/Mfn2 double bars, 10j1m. Quantitative data for aspect ratio are shown below (n=3 per 
knockout (DKO)). TAT-conjugated minipeptides or vehicle (sterile water) condition). Group data are mean + s.e.m.; *P < 0.05 versus same-group 
were added and mitochondrial morphometry assessed 24h later. Images Ctrl (ANOVA). 
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Extended Data Figure 7 | Wild-type MFN2 expression to parallel 
MFN21?! expression studies. a, Immunoblot analysis of mitochondrial 
dynamics proteins in cultured MEFs transduced with adenovirus- 
transfected Bgal (viral control) or adenovirus-transfected human MFN2. 
MEN2 expression increased fivefold over uninfected Ctrl; apparent 
increased Mfn1 signal is cross immunoreactivity with MFN2 as shown by 
slightly faster migration. b, Merged confocal images (MitoTracker Green 
and TMRE; representative of 15 per group) of MEFs expressing 


wild-type MFN2 and treated with TAT-minipeptides as shown. 
Quantitative data (n = 3 independent experiments) are on the right. 
Group data are mean + s.e.m.; *P < 0.05 versus control by one-way 
ANOVA. Scale bars, 101m. c, Immunoblot quantifications for panel a. 

d, Immunoblot quantifications for Fig. 4b, for comparison. n = 4 for 
MEN2; n= 2 for all other proteins. y axis scales are identical except MFN2 
in c, which is expanded to accommodate high (5x normal) ad-WT MFN2 
expression level. 
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Extended Data Figure 8 | TAT-MP1°" corrects mitochondrial Mfn2*10°4 (top) or wild-type Mfn2 (bottom) and treated for 24h with 
fragmentation provoked by Mfn2*!4 in cultured rat motor neurons. 14M TAT control (Ctrl) or TAT-MP1"’ minipeptide. Scale bars, 101m. 
Representative (of >20 per group) anti-TOM20/Hoechst images of Experimental n number per treatment group is shown on the graph. 
formalin-fixed cultured neurons transfected with genes encoding Data are mean + s.e.m. *P < 0.05 versus Ctrl (Student’s t-test). 
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Extended Data Figure 9 | TAT-MP1°Y reverses mitochondrial are on top; MFN2™!°™ f/s¢ transgenic mouse neurons are on bottom. 


pathology in cultured MFN2'!°™ mouse neurons. Live-cell confocal Adeno-MitoGFP was added at low titers to enhance visualization of 
imaging of MitoGFP (green), TMRE (red) and Hoechst (blue nuclei) individual neurons. Note mitochondrial fragmentation and clumping 
stained mouse hippocampal neurons (representative of >30 images per after Cre-induced induction of MFN2!™, and reversal after 24h of 
group). Normal control neurons from nontransgenic (NTG) mouse pups TAT-MP1° treatment. Scale bars, 201m. 
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The pathway to GTPase activation of 
elongation factor SelB on the ribosome 


Niels Fischer!, Piotr Neumann, Lars V. Bock®, Cristina Maracci*, Zhe Wang?, Alena Paleskava‘*+, Andrey L. Konevega‘+, 
Gunnar F Schréder*®, Helmut Grubmiiller?, Ralf Ficner?, Marina V. Rodnina* & Holger Stark! 


In all domains of life, selenocysteine (Sec) is delivered to the ribosome by selenocysteine-specific tRNA (tRNA**‘) with 
the help ofa specialized translation factor, SelB in bacteria. Sec-tRNAS“ recodes a UGA stop codon next to a downstream 
mRNA stem-loop. Here we present the structures of six intermediates on the pathway of UGA recoding in Escherichia 
coli by single-particle cryo-electron microscopy. The structures explain the specificity of Sec-tRNA* binding by SelB 
and show large-scale rearrangements of Sec-tRNA‘*. Upon initial binding of SelIB-Sec-tRNA‘*™ to the ribosome and 
codon reading, the 30S subunit adopts an open conformation with Sec-tRNA*“ covering the sarcin-ricin loop (SRL) on 
the 50S subunit. Subsequent codon recognition results in a local closure of the decoding site, which moves Sec-tRNA‘* 
away from the SRL and triggers a global closure of the 30S subunit shoulder domain. As a consequence, SelB docks on the 
SRL, activating the GTPase of SelB. These results reveal how codon recognition triggers GTPase activation in translational 


GTPases. 


Protein synthesis on the ribosome is promoted by several GTPases. 
These include the universal elongation factor EF-Tu (in bacteria, or 
eEF1A in eukaryotes) and a specialized factor SelB! (CeEFSec-SBP2 in 
eukaryotes’). EF-Tu and SelB deliver aminoacyl-tRNA (aa-tRNA) to 
the ribosome at the cost of GTP hydrolysis**. In contrast to EF-Tu, 
which is a carrier for all canonical aa-tRNAs, SelB is specialized to 
bind only the tRNA that is specific for Sec. Sec-tRNA‘* recodes a 
UGA stop codon upstream of a structured mRNA stem-loop, the Sec 
insertion sequence (SECIS)’. EF-Tu and SelB share evolutionary con- 
served domains 1-3, of which domain 1 binds GTP**"!". SelB has an 
additional domain 4 (winged helix motifs 1-4) that recruits the factor 
to the SECIS". Sec has unique chemical properties, which make it an 
essential residue in the active site of key redox enzymes in all domains 
of life. Defects in Sec biosynthesis and selenoprotein malfunction 
have been linked to an increasing number of diseases in humans!”. 
Sec incorporation into non-selenoproteins, as well as the exploitation of 
the Sec machinery to insert designer amino acids, has received growing 
interest for biotechnological applications!*4, However, the structural 
basis for UGA recoding by SelB-Sec-tRNA** has not been elucidated 
yet. Here we use single-particle cryo-electron microscopy (cryo-EM) 
and extensive sorting of cryo-EM images to obtain snapshots of inter- 
mediates along the pathway of Sec-tRNA‘** delivery to the ribosome. 
The cryo-EM structures, in combination with ensemble rapid kinetics 
and all-atom explicit-solvent molecular dynamics simulations, provide 
detailed insights into the mechanism of UGA recoding by Sec and 
suggest a universal mechanism for GTPase activation on the ribosome. 


Visualizing intermediates of UGA recoding 

We reconstituted recoding complexes in vitro with fMet-tRNA™* in the 
peptidyl site and SelB-Sec-tRNA* stalled by the guanosine triphos- 
phate analogue GDPNP at the aminoacyl site of the ribosome. As a 
model mRNA directing Sec incorporation, we used a construct with a 
AUG start codon and a UGA stop codon, followed by the SECIS of the 


formate dehydrogenase H (fdhF) gene!®!°. We recorded ~1,000,000 
cryo-EM particle images and applied extensive hierarchical computa- 
tional classification to sort the particle images into structurally homog- 
enous sub-groups (Extended Data Fig. 1 and Methods). We obtained 
six distinct ribosome structures at 3.4-5.3 A resolution, which depict 
the key intermediates of UGA recoding (Fig. 1a, Extended Data Fig. 2, 
Extended Data Table 1) and used the 3.4 A map to build de novo atomic 
models for the Se/B-GDPNP-Sec-tRNA** ternary complex on the 
ribosome (Fig. 1b-e). 

The initial complex depicts the ribosome complex before SelB- 
GDPNP-Sec-tRNA** binding, with the SECIS flexibly bound at the 
mRNA ent ann, the UGA stop codon in the aminoacy] site and 
fMet-tRNA'™* bound to the peptidyl site (Fig. 1a). We also obtained 
complexes in the transient states (reconstructed from only ~1% of 
images, Fig. 1f) of the codon-independent initial binding of SelB- 
GDPNP-Sec-tRNA** to the SECIS and of codon reading with tRNA‘ 
approaching the UGA codon. Although the overall structure of the two 
complexes is rather similar, with an overall root-mean-square deviation 
(r.m.s.d.) of 1.2 A (Extended Data Fig. 1d), there are substantial local 
differences in functionally important regions, for example, an up to 
~14A shift in the tRNA* position. The highest resolution is provided 
by the 3.4A cryo-EM map of SelB~GPDNP-Sec-tRNA™ stalled after 
codon recognition in the GTPase-activated state (Fig. la—d). We also 
obtained reconstructions of two states after SelB dissociation and 
Sec-tRNA* accommodation in the aminoacy] site, in which the tRNAs 
are present in either classical or hybrid states’®. 


Recognition of Sec-tRNAS“ 

SelB binds Sec-tRNA** with extraordinary high affinity and discrimi- 
nates against Ser-tRNA**, which is an on-pathway intermediate of Sec- 
tRNAS©* biosynthesis*!’, and all other aa-tRNAs. Conversely, EF-Tu, 
which binds all elongator aa-tRNAs with uniform affinity, has very 
low affinity for Sec-tRNA°* (ref. 17). Comparison of the present SelB- 
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Figure 1 | Structures of intermediates along the pathway of UGA 
recoding by SelB-Sec-tRNA**. a, Overview of the structures. Top row: 
Schematics of complexes with tRNA binding sites of the ribosome 

(A, P, E), UGA stop codon; sh, 30S subunit shoulder. Bottom row, cryo-EM 
reconstructions of distinct intermediates with the resolution (in A) and 
the number of particles for each state. IC, initial complex; IB, initial 
binding; CR, codon reading; GA, GTPase-activated; C, classical tRNA; and 
H, hybrid tRNA states.b, Structure of SelB-GDPNP-Sec-tRNA* and the 


GDPNP-Sec-tRNA*© structures with the known crystal structure of 
EF-Tu-GTP-Cys-tRNA’ (ref. 11) explains the specificity of tRNA‘* 
recognition (Fig. 1g, Extended Data Fig. 3). The linker (Leu340- 
Gln363; Escherichia coli numbering used throughout) between domains 
3 and 4 of SelB, which is absent in EF-Tu, binds and distorts the extra- 
long variable arm of tRNA*< (Extended Data Fig. 3a-c, 1). Furthermore, 
an extended loop in SelB domain 3 (Ile326-Asn330) facilitates inter- 
actions with the acceptor- and T-stems of tRNA‘ at the antideter- 
minant box that distinguishes tRNA‘ from canonical tRNAs'®. The 
corresponding loop in EF-Tu adopts a different conformation that 
allows sequence-specific interactions with canonical tRNAs!*”°, but 
impedes interactions with tRNA*©< (Extended Data Fig. 3e, f, j). Finally, 
the amino-acid-binding pocket of SelB is lined with positively charged 
residues (Extended Data Fig. 3g-i), allowing SelB to specifically 
recognize the negatively charged selenol group and to discriminate 
against Ser-tRNA‘®. In EF-Tu the amino-acid-binding pocket is 
negatively charged; this, together with the low affinity of EF-Tu for 
the tRNA‘* body”, explains why EF-Tu does not bind Sec-tRNA‘S®. 
Notably, the variable arm of tRNA** undergoes a large-scale rotation of 
about 50° upon release of Sec-tRNA*“ from SelB and accommodation 
in the aminoacyl site (Extended Data Fig. 31). This rotation is essential to 
allow binding of the next aa-tRNA to the aminoacy] site after peptidyl- 
tRNA‘ translocation to the peptidyl site. 


SelB-specific domain 4 

The SECIS recruits domain 4 of SelB!° and may guide the ter- 
nary complex towards the ribosome. We constructed a model for 
an early recruitment complex by docking SelB-Sec-tRNA‘® onto 
the SECIS of the initial complex (Fig. 2a). In the model, SelB and 
Sec-tRNA*“ do not interact with the ribosome, but a rotation would 
move SelB-Sec-tRNA** into its position in the initial binding state. 
SECIS-dependent tethering via domain 4 is SelB-specific, as EF-Tu 
is recruited by the L7/12 stalk of the 50S ribosomal subunit”*. In 
the subsequent states domain 4 serves as a flexible anchor for SelB- 
Sec-tRNA‘“ (Fig. 2b, Extended Data Fig. 4a, b). When SelB moves 
towards the GTPase-activated state, domain 4 maintains its interactions 
with the SECIS and the adjacent 30S elements (helix h16 of 16S ribosomal 
RNA (rRNA) and protein $4) and follows mainly the movements of the 
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SECIS on the ribosome in the GTPase-activated state at 3.4 A resolution. 
d, domains of SelB; wh, winged helix motifs. Numbers and dashed boxes 
indicate the regions depicted in c-e. c, Recognition of the UGA codon by 
the anticodon of tRNA‘. d, The GTPase centre of SelB in the activated 
state. e, Recognition of the selenol group (Se~) by SelB. f, Fraction of 
particles in each intermediate relative to the total number of particles 
(~1,000,000) or to the number of particles with ligand density (~500,000). 
g, Scheme of tRNA recognition by SelB versus EF-Tu. VA, variable arm. 


Ribosome state 


30S subunit. These rigid-body motions of domain 4 do not affect the 
remaining part of SelB, because the highly flexible linker connecting 
domains 3 and 4 uncouples the two parts. 


Requirements for SelB GTPase activation 

GTP hydrolysis by EF-Tu is a major checkpoint that controls the rate 
and fidelity of decoding”’. Rapid GTP hydrolysis by EF-Tu is triggered 
by the correct codon-anticodon interaction‘; the requirements for the 
GTPase activation in SelB are unknown. In the presence of the correct 
SECIS and the UGA codon, the rate of GTP hydrolysis in SelB-[7-**P] 
GTP-Sec-tRNA* on the ribosome is about 3 s!, which is four orders 
of magnitude higher than the intrinsic GTPase activity of the ternary 
complex in the absence of ribosomes (Fig. 2c, d, Extended Data Fig. 4c-f). 
Mutation of three key recognition bases in the SECIS!” results in 
a 600-fold reduction of the GTPase rate, in line with the role of the 
SECIS as a tether for SelB (see above and refs 10, 26). With a correct 
SECIS element, but a non-cognate UUC codon in the aminoacy] site, 
the rate of GTP hydrolysis is also reduced by 600-fold compared to the 
cognate complex (Fig. 2d), suggesting that recognition of the cognate 
UGA codon by Sec-tRNA** is essential for GTPase activation. Thus, 
the requirement for the correct codon-anticodon interaction as a 
trigger for GTP hydrolysis is similar for SelB and EF-Tu. For EF-Tu, 
the existence of several pre-hydrolysis steps, including initial binding 
and codon reading, has been demonstrated by ensemble kinetics and 
single molecule FRET experiments”””*. The similarities between SelB 
and EF-Tu as to the reaction pathway and codon-dependence of the 
GTPase activation suggest a conserved mechanism of decoding and 
aa-tRNA selection, with GTP hydrolysis being a crucial step between 
initial selection and proofreading**??*”. 


Structural dynamics of the 30S subunit 

Pioneering crystallographic studies on complexes of isolated 30S sub- 
units demonstrated that cognate codon—anticodon complex formation 
triggers local rearrangements of three universally conserved bases of 16S 
rRNA in the decoding centre (G530, A1492, and A1493) and a global 
domain closure in the 30S subunit?!**. Here we describe the rearrange- 
ments of the 30S subunit upon UGA codon recognition by Sec-tRNAS* 
in the context of the 70S ribosome (Fig. 3, Extended Data Fig. 5) 


1 DECEMBER 2016 | VOL 540 | NATURE | 81 


© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. 


ARTICLE 


50S 


SECIS g4 


° 


-® UGA e 
; -®- iSECIS 
-® UUC 
-eTC 


a 
o 


600- 600- 
fold fold 


GTP hydrolyzed 
(normalized fraction) 
oO 
a 
T 


o 
o 


0.01 0.1 1 10 100 1,000 10,000 


Time (s) 


UGA iSECIS UUC TC 


Figure 2 | Roles of SelB domain 4 and the GTPase activation on the 
ribosome. a, A model for the ribosome-independent recruitment of 

SelB onto the SECIS guiding SelB-Sec-tRNA®* to its position in the 

initial binding state (arrow). b, Interactions of SelB and the SECIS at the 
mRNA entry site (entry) in the GTPase-activated state marked by dashed 
contours; the interactions are maintained in the initial binding and 

codon reading states (data not shown). h16, helix of 16S rRNA; S3-S5, 
proteins $3 to S5. c, Time courses of GTP hydrolysis by SelB on ribosomes 
programmed with mRNA comprising a correct SECIS and a cognate UGA 
codon (UGA), or an incorrect SECIS and a cognate UGA codon (iSECIS), 
or a correct SECIS, but a non-cognate codon (UUC), and by the free SelB- 
GTP-Sec-tRNA*** (ternary complex; TC). d, The reduction in the GTP 
hydrolysis rates as compared to complexes carrying the cognate codon 
and correct SECIS (UGA); error bars, s.e.m. of the exponential fitting with 
n= 2 for UGA and n=3 for iSECIS, UUC and ternary complex. 


and show how these changes contribute to the mechanism of GTPase 
activation of SelB (Fig. 4). 

In the initial complex before SelB-GDPNP-Sec-tRNA*** binding, 
the 30S subunit is in a non-rotated classical state**4 (Fig. 3a, Extended 
Data Fig. 5d). The A1492 and A1493 bases appear to be in dynamic 
equilibrium between ‘flipped-im and ‘flipped-out’ states with respect to 
h44 of 16S rRNA. G530 is in the anti-conformation which is maintained 
in all subsequent states. Initial binding of SeIB-GDPNP-Sec-tRNA*“ is 
codon-independent, as evident from the large distance between tRNASES 
anticodon and UGA codon (10 A, Fig. 3a, Extended Data Fig. 5b). In 
the initial binding state, the flipped-in conformation of the A1492 and 
A1493 bases is stabilized and the aminoacyl site is open (Fig. 3a). The 
30S shoulder rotates outwards, away from the 50S subunit. This 30S 
domain opening widens the intersubunit space, which may be impor- 
tant to facilitate initial binding of SelB domain 2 to the 30S shoulder or 
to prevent premature docking of SelB on the 50S subunit (see below). 
Further progression of tRNA‘® towards the mRNA codon in the codon 
reading state may allow the interaction between the third codon base 
and the anticodon of tRNA“, but this state is still incompatible with full 
codon-anticodon complex formation (Fig. 3a, Extended Data Fig. 5b). 
In the GTPase-activated state, the codon is recognized, the codon- 
anticodon helix adopts the Watson—-Crick geometry, and A1492 and 
A1493 are stabilized in the flipped-out position, which results in a local 
closure of the aminoacyl site. Together with G530, the adenines interact 
with the minor groove of the codon-anticodon duplex at the first and 
second codon position. At the same time, the 30S subunit undergoes a 
large-scale domain closure, which mainly involves an inward rotation 
of the 30S shoulder and decreases the distance spanned by the SelB- 
GDPNP-Sec-tRNA** complex. During all these steps, the universally 
conserved A1913 in helix 69 (H69) of 23S rRNA interacts with A1492 
and A1493 in h44 in a state-specific fashion and acts to stabilize the 
flipped-in position of the two adenines in the initial binding and codon 
reading states (Extended Data Fig. 5a). The closed conformation of 
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Figure 3 | Structural changes of 30S subunit and tRNA during UGA 
decoding. a, Coupling between local and global movements of the 30S 
subunit. Top row, local changes in the decoding centre. Middle row, 
overview of the states. Bottom row, global rearrangements of the 30S 
subunit. The heat map quantifies the displacement of 16S rRNA backbone 
phosphate atoms between consecutive states as obtained by superposition on 
23S rRNA of the initial complex; negative values designate domain opening, 
positive values domain closure. Ras;, distance between tRNAS® anticodon 
(N3 of C35) and UGA (N1 of G). b, Conformations of Sec-tRNAS*. 
Rearrangements from the free ternary complex SelB~GTP-Sec-tRNA** to 
the initial binding state (left), from initial binding to codon reading (middle) 
and codon reading to GTPase-activated states (right). The deviations of 

the anticodon tip are measured in A at the phosphate of C35. The free 
ternary complex structure and interconversion rates (k) were obtained by 
molecular dynamics simulation from c. c, Free-energy landscape of tRNA‘ 
conformations in the free ternary complex obtained by 24-1s all-atom 
explicit-solvent molecular dynamics simulations (Methods). Crosses denote 
the tRNA conformations seen in the respective states on the ribosome; 

the free-energy minimum corresponds to the major conformer of the free 
ternary complex. The heat map denotes the free energy. 


the 30S subunit in the GTPase-activated state is practically identical to 
that observed for the canonical EF-Tu-GDPCP-Trp-tRNA"? ternary 
complex on the ribosome**. However, compared to the states preceding 
codon recognition, the rearrangement is more extensive in the present 
complexes than in those inferred from the structures of isolated 30S 
subunit complexes*! (Fig. 3a). 


Conformational changes of tRNAS* 

The aa-tRNA has an essential role in signalling rearrangements at 
the decoding site to the 50S subunit, leading to GTPase activation of 
EF-Tu***8, Our cryo-EM data show marked structural changes in 
tRNA*< on the ribosome, which affect three main areas of the tRNA‘ 
molecule: the variable arm, the elbow region consisting of the D- and 
T-loops, and the D-stem-anticodon-stem region (Fig. 3b). The D- and 
T-loops move closer to each other in the initial binding state and change 
only slightly in other states. By contrast, the anticodon- and D-stems 
undergo large-scale distortions in each transition. In the GTPase- 
activated state tRNA‘S* adopts a conformation similar to that of the 
canonical aa-tRNAs in the EF-Tu-ribosome complex****. In principle, 
the observed large-scale conformational rearrangements of the tRNA 
could present a kinetic barrier that controls the GTPase activation in 
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Figure 4 | Sequential docking of SelB-Sec-tRNA** on the SRL. 

a, Movements of the tRNA** anticodon (Rasy) and elbow (Rep) and of 
SelB His61 (Ryjis61); Sh, 30S shoulder (G357 to U368 of 16S rRNA); DC, 
decoding centre; H43 and H89, helices of 23S rRNA. b, State-specific 
distance changes. Rasy (N3 of C35 in tRNA‘ to N1 of G in UGA); Rew 
(tRNAS® elbow, C5! of U55 in tRNA** to O2' of A2473 in H89); Ruse: 
(ND1 of His61 in SelB to 02’ of G2661 in SRL). c, SRL interactions with 
Sec-tRNA* and SelB His61. d, Overview of the ribosome-SelB complex 
in the GTPase-activated state indicating the areas for close-ups inc, e, f. 
e, Docking of SelB onto the SRL. Distances are measured at Ca of Ala120. 


the complex. To understand the dynamics of those rearrangements, we 
carried out 24-1s all-atom explicit-solvent molecular dynamics simu- 
lations of SelIB-GTP-Sec-tRNA‘S* (Fig. 3c, Extended Data Fig. 6a, b; 
Methods). We mapped the free-energy conformational landscape and 
identified the lowest-energy structural model of the ternary complex 
free in solution. All tRNA‘S® conformations observed on the ribosome 
are sampled spontaneously within less than a microsecond in solu- 
tion (Fig. 3c). Given that the GTPase activation takes milliseconds 
(Fig. 2c), the conformational changes of the tRNA, though clearly 
essential, do not seem to be rate-limiting for the GTPase activation. 
Of the large pool of potential tRNA‘“ structures accessible in solu- 
tion, the ribosome selectively stabilizes specific subsets of confor- 
mations depending on the sum of all interactions in a given state 
(Fig. 3b, c), thereby rectifying the structural fluctuations of the com- 
plexes towards the GTPase-activated state. 


Docking of SelB onto the SRL 
The SRL constitutes the key activator of the GTPase activity for all trans- 
lational GTPases*”. Notably, docking of the SelB GTP-binding domain 
on the SRL occurs only upon formation of the GTPase-activated state 
(Fig. 4a). Whereas the tRNA*“ anticodon moves towards the codon in the 
30S decoding centre, the elbow region changes its interactions from the 
initial contact with the SRL and protein L11 (initial binding state) to SRL 
and H43 of 23S rRNA (codon reading state) before docking onto H89 of 
23S rRNA (Fig. 4a). The movements of the t(RNA** anticodon towards 
the codon and of the tRNA elbow towards H839, as well as the formation of 
the GTPase-activated state (monitored by the position of the key GTPase 
residue His61 in SelB) are coupled (Fig. 4b). These motions control the 
progression of SelB towards the GTPase-activated state, in line with the 
major role of tRNA in signalling codon recognition****. 

Stepwise tRNA‘S® docking is facilitated by several elements of the 
ribosome, including the L11-rRNA arm (consisting of protein L11 and 


Top, rotation of SelB relative to the 30S shoulder (sh) upon transition 
from initial binding to codon reading states. Bottom, rotation of SelB 
together with tRNA‘ and the 30S shoulder upon 30S domain closure in 
the GTPase-activated state. f, The GTPase site. Left, free ternary complex. 
The two-headed arrows denote spontaneous fluctuations of SelB His61 
(cyan) and of Val9 and Met36. Middle, inactive flipped-in conformation 
of His61 upon ribosome binding in the codon reading state, potentially 
stabilized by Val9. Right, active conformation of SelB docked on the SRL 
in the GTPase-activated state stabilized by the ribosome-SelB interaction 
network. 


helices H43 and H44 of 23S rRNA), the SRL (together with protein L6), 
protein $12, and H69 of 23S rRNA that guide tRNA‘ to the decoding 
centre. The L11-rRNA arm acts as a relay that hands over the tRNA 
during transitions from state to state (Extended Data Fig. 7a). Binding 
of tRNA‘ results in a >10 A displacement of the entire L11-rRNA 
in the initial binding state. In subsequent states, the LL1-rRNA arm 
relaxes stepwise into its initial position. Notably, in the initial binding 
and codon reading states, the SRL interacts with tRNA*®S, rather than 
with SelB (Fig. 4c). A2660 acts as a platform for docking of the T-stem 
residues of tRNA‘*S, but the contacts with tRNA‘ change between the 
initial binding and codon reading states. Further movement of tRNAS* 
in the GTPase-activated state disrupts these contacts and enables dock- 
ing of SelB onto the SRL. On the 30S subunit, protein S12 engages the 
acceptor stem of tRNA‘ in the codon reading state and serves as a 
pivot for tRNA** rotation into the GTPase-activated state (Extended 
Data Fig. 7b). A1913 of H69, in turn, reaches into the decoding centre 
and may help to guide the anticodon towards the codon in the aminoa- 
cyl site during the transition from the codon reading to the GTPase- 
activated state by interacting with the functionally important modified 
residue isopentenyl-A37 in tRNA* (ref. 40; Extended Data Fig. 5a). 
In the initial binding, codon reading and GTPase-activated states, 
SelB maintains its interactions with tRNA‘“ and follows its movements 
(Fig. 4a, e). SelB domain 2 remains bound to the shoulder of 16S rRNA, 
while adapting to the changes in the position of tRNA‘. Upon transi- 
tion from the initial binding to the codon reading state, this adaptation 
requires a rotation of domain 2 relative to the 30S subunit shoulder, 
which changes the interactions and moves SelB slightly towards the 
50S subunit (Fig. 4e, upper panel, and Extended Data Fig. 7c). In the 
GTPase-activated state, as a consequence of codon recognition and 
the global 30S domain closure, SelB rotates together with t_NAS* 
and the 30S shoulder. Domain 1 of Sel1B—comprising several charged 
residues (Arg34, Glu62 and Arg116)—moves into close proximity to 
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Figure 5 | Mechanism of ribosome-dependent GTPase activation of 
SelB-Sec-tRNA‘*“ upon UGA recoding by Sec. See text for explanation. 
pep-tRNA, peptidyl-tRNA; d, domains of SelB; dark red glow, GTPase 
activation of SelB; arrows ‘open and ‘close’, domain opening and closure of 
the 30S shoulder (sh). 


the SRL (Fig. 4e, bottom panel). These residues may help to promote 
the small interdomain motion of SelB that is required to completely 
dock onto the SRL (Extended Data Fig. 7d). The molecular dynamics 
simulations of the free SelIB-GTP-Sec-tRNA** complex indicate 
that this interdomain motion in SelB is rapidly sampled in solution 
(Extended Data Fig. 7e) and largely independent of tRNA dynamics 
(Extended Data Fig. 6c). 


GTPase activation 

The active site of all translational GTPases is highly conserved. The 
invariant histidine (His61 in SelB, His84 in EF-Tu) is essential for 
rapid GTP hydrolysis in all translational GTPases*!“’. The molecu- 
lar dynamics simulations of SeIB-GTP-Sec-tRNA** in solution sug- 
gest that His61 can rapidly fluctuate between a flipped-out (pointing 
away from the y-phosphate) and a flipped-in (reaching towards the 
phosphate) conformation (Fig. 4f, Extended Data Fig. 7f, g), similarly 
to His84 in EF-Tu**. In the codon reading state the conformational 
equilibrium of His61 is shifted towards a partially flipped-in confor- 
mation (Fig. 4f). The bulky residue Val9 of SelB appears to stabilize this 
inactive conformation, thereby impeding further movement of His61 
towards the nucleotide (Fig. 4f), which explains the low rate of sponta- 
neous GTP hydrolysis before codon recognition (Fig. 2c). 

In the GTPase-activated state, SelB adopts a conformation that is 
similar to that of the pre-hydrolysis state of EF-Tu*>”® (Fig. 4f, Extended 
Data Fig. 7h). The universally conserved residue G2661 of the SRL sta- 
bilizes His61 of SelB in the flipped-in conformation, pointing towards 
the water molecule aligned for the attack on the -y-phosphate. Val9 
stacks onto the His61 imidazole ring, providing additional stabilization 
of the active conformer. The phosphate of A2662 coordinates a Mg?* 
ion, which may be important in positioning Asp10 in SelB (homolo- 
gous to Asp21 in EF-Tu, which is crucial for GTP hydrolysis”); a similar 
Mg?* coordination is seen with the corresponding residue Asp22 
of elongation factor G in the pre-hydrolysis state on the ribosome“. 
Further SelB residues (His8, Arg34, Glu62, Arg116) stabilize the inter- 
actions with the SRL (Extended Data Fig. 7d, right panel). Given the 
evolutionary conservation of the residues constituting the GTPase cen- 
tre, GTP hydrolysis is likely to follow the same universal pathway for 
all translational GTPases. 


Conclusions 

The present data show how SelB delivers Sec-tRNA*“ to the ribosome, 
provide insights into the local and global conformations of the ribosome 
upon codon recognition by Sec-tRNA** and suggest the mechanism for 
GTPase activation of SelB (Fig. 5). Sec-tRNA*© and SelB in solution can 
sample many different conformations. The interactions with the ribo- 
some rectify these spontaneous fluctuations and guide the progression 
towards GTPase activation. In the initial complex, the SECIS element in 
the mRNA is exposed for SelB binding and the universally conserved 
bases A1492 and A1493 in the decoding centre fluctuate between 
flipped-in and flipped-out conformations (Fig. 5, step 1). Recruitment 
to SECIS tethers SelB to the vicinity of the ribosome; this contact 
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between SelB domain 4 and the SECIS is maintained in all subsequent 
steps (Fig. 5, step 2). Initial binding of SelB-Sec-tRNA* to the ribo- 
some induces an open conformation of the 30S subunit and stabilizes 
A1492 and A1493 in a flipped-in conformation, thereby facilitating 
codon reading (Fig. 5, step 3). Subsequent codon recognition triggers 
local closure of the decoding site, with A1492 and A1493 flipped out, 
and a global domain closure of the 30S subunit. The closed confor- 
mation facilitates re-positioning of the tRNA and docking of SelB 
on the SRL. Docking at the SRL aligns key residues at the nucleo- 
tide binding pocket of SelB and results in GTPase activation (Fig. 5, 
step 4). The structure of the GTPase-activated state is likely to be 
universal for translational GTPases in all domains of life. The docking 
of GTPases onto the SRL as a result of correct codon-anticodon 
complex formation and 30S domain closure may represent a common 
mechanism by which the ribosome ensures the pre-hydrolysis 
selection of the cognate aa-tRNA delivered by SelB, EF-Tu, or their 
eukaryotic homologues. This work emphasizes the power of the com- 
bination of high-resolution cryo-EM, rapid kinetics and molecular 
dynamics simulations for the reconstruction of multistep reaction 
pathways and understanding the function of dynamic molecular 
machines. 


Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper. 
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METHODS 
Ribosomes, factors and RNAs. Ribosomes from E. coli MRE 600, initiation factors 
(IF1, IF2, IF3), and fMet-tRNA™ were prepared as described*”~. E. coli SelA and 
SelD (gift from M. Wahl, Free University of Berlin) and SelB* containing a hexa- 
histidine tag (gift from A. Bock, LMU Munich) were expressed in BL21(DE3) cells 
and purified according to published protocols**!. Biochemical analysis showed 
that SelB carrying the His-tag is fully functional in the interactions with guanine 
nucleotides, SECIS elements, and Sec-tRNA** and in mediating UGA recoding 
in vivo»°°. tRNA‘ was overexpressed in E. coli BL21 transformed with the plasmid 
pCB2013 (gift from A. Bock, LMU Munich)” and purified and aminoacylated as 
described*>*"*, The mRNA UGA was a derivative of mLP75s™4 (Extended Data 
Fig. 4d). The templates for mRNAs UUC and iSECIS (Extended Data Fig. 4e, f) 
were prepared by PCR mutagenesis. Transcription and refolding of the mRNAs 
were performed as described?*». 
Complex preparation for cryo-EM. 70S ribosomes (3 |1M) were incubated with 
IF1, IF2, IF3 (4.5.M), mRNA (154.M), and f[?H]Met-tRNA™* (7 1M) in buffer 
A (50mM Tris-HCl (pH 7.5), 70mM NH,Cl, 30mM KCl, 7mM MgCh, 2mM 
DTT) with 1mM GTP for 30 min at 37°C. Initiation efficiency was close to 100% 
as verified by nitrocellulose binding. Initiation complexes were purified by gel 
filtration on a Biosuite 450 HR 5j1m column (Waters). To prepare the ribosome- 
SelB complexes, ternary complexes SelB-GDPNP-Sec-tRNA*“ were prepared in 
buffer B (50 mM Hepes-KOH, pH 7.5, 70 mM NH,Cl, 30mM KCl, 7mM MgCh, 
2mM DTT) by incubating SelB (11M) with GDPNP (2 mM) for 4 min at 37°C, 
adding Sec-tRNA** (11M) and incubating for 2 min at 23°C. Ternary complex 
(0.5 11M) was incubated with initiation complex (0.06 1M) at 0°C in buffer B 
supplemented with 0.6 mM spermine and 0.4mM spermidine before application 
onto EM grids. 
GTPase assay. Initiation complexes were prepared as described’”. Ternary com- 
plex SelB-[-"?P]GTP-Sec-tRNA*“ was prepared in buffer A, by incubating SelB 
(91M) with [-~?P]GTP (60|1M) for 20 min at room temperature (RT), followed 
by addition of Sec-tRNA‘* (91M) and incubation for 2 min at room tempera- 
ture. Unbound [+?P]GTP was removed by gel filtration®®. The GTPase activity 
of SelB was determined at single round conditions, by mixing purified ternary 
complex (0.05 1M) with UGA, iSECIS and UUC mRNA-programmed initia- 
tion complexes at the indicated concentrations. Intrinsic GTP hydrolysis was 
measured in the absence of ribosomes. When necessary, quench-flow experi- 
ments were performed in a KinTek apparatus. Reactions were quenched with 
formic acid (25% v/v) and the extent of GTP cleavage was determined by thin 
layer chromatography and phosphor imaging”. The rate of GTP hydrolysis was 
determined by exponential fitting of the time courses using GraphPad Prism 
software (GraphPad Software, Inc.); time courses were normalized to the respective 
reaction end levels. 
Cryo-EM analysis. Cryo-EM grids were prepared by applying 5 1] of initiation 
complex-SelB-GDPNP-Sec-tRNA‘S* complexes onto EM grids (Quantifoil 
3.5/1 1m, Jena) covered with pre-floated continuous carbon and subsequently 
vitrified using a Vitrobot Mark IV (FEI Company, Eindhoven) operated at 4°C 
and 100% humidity. 4,000 x 4,000 images (12,681 in total) were acquired in 
the integration mode by spot-scanning (3 x 3 images per 3.5 41m hole in the 
Quantifoil carbon film) on a Falcon 2 direct detector (FEI Eindhoven) using a 
Titan Krios microscope (FEI Eindhoven), fitted with a XFEG electron source 
(FEI Eindhoven) and a spherical aberration (Cs)-corrector (CEOS Heidelberg). 
Acquisition was at 300 kV acceleration voltage, an electron dose of ~30+5 
electrons per A? (determination based on calibration with a Faraday cup), —0.7 
to —2.6 1m defocus and a nominal magnification of 118,000 resulting in a final 
pixel size of ~1.16 A (determined by optimizing correlation of the final 3D map 
with atomic coordinates from X-ray crystallography**). The Cs-corrector was 
tuned as described** to reduce electron-optical aberrations, linear distortion 
(to <0.1%) and axial coma (usrimageshift tuning) resulting from the spot-scanning 
procedure. Ribosome particle images were selected and corrected locally for 
the contrast-transfer function as described**. Good quality particle images 
were selected according to power spectra quality (that is, showing Thon rings 
better than 3.5 A), yielding a total of 969,526 ribosome particles. An initial 
3D structure was computed from randomly selected 100,000 particles to judge 
the compositional and conformational homogeneity of the image dataset. 
Even at low-resolution (~10 A) this average structure showed only very weak, 
scattered density in the factor-binding region, which disappeared completely 
upon further refinement to higher-resolution (~3.7 A) (Extended Data Fig. 1c). 
This observation indicated that the occupancy of ribosome particles with SelB- 
Sec-tRNA‘® was low, in line with the low Sec incorporation efficiency in vivo 
and in vitro*®. 

The dataset was sorted computationally in a hierarchical manner* (Extended 
Data Fig. la, b). First, images were sorted according to global ribosome confor- 
mation, as described” (step 1), which allowed us to discard low quality particles 


and 50S subunits. Subsequently (step 2), particles were sorted according to ligand 
occupancy using supervised classification by projection matching on the basis of 
a library of ribosome-ligand cryo-EM maps**®. Importantly, this library entailed a 
cryo-EM map of the canonical ribosome-EF-Tu complex” as potential reference 
for the ribosome-SelB complex to avoid any reference bias for SelB-Sec-tRNA*“, 
for which no structure was available. To further avoid any high-resolution reference 
bias, sorting in both steps was performed using low-pass filtered reference maps 
and particle images binned to about 6.9 A per pixel. The resulting maps of ribo- 
some-ligand complexes showed all specific features expected for the Sec system 
(that is, the SECIS in the mRNA, the extra-long variable arm of tRNAS*S, and 
domain 4 of SelB). In step 3, the resulting populations of ribosome-ligand parti- 
cles were further rectified from low-quality particles by three-dimensional (3D) 
classification in Relion 1.2 and 1.3 (ref. 61). Focused 3D classification in Relion 
1.3 without alignment was used to isolate three particle sub-populations that show 
distinct states of SeIB-Sec-tRNA** on the ribosome (step 4); particle images were 
coarsened to 3.16 A per pixel for this step to improve the speed and robustness 
of classification. Finally, to further enrich for ribosome particles of good quality 
containing SelB within these sub-populations, supervised classification was used 
in step 5 to assign particles either to the respective ribosome-SelB complex or 
ribosomes with only peptidyl-site tRNA, but not SelB-Sec-tRNA‘* bound; again 
a pixel sampling of 3.16 A and low-pass filtered reference maps were used to avoid 
any high-resolution reference bias. In a similar manner, the particle populations 
of ribosomes carrying only the peptidyl-site tRNA or two tRNAs in the classical 
state were further computationally cleaned up by supervised classification. The six 
homogenous ribosome-ligand particle populations resulting from this sorting pro- 
cedure were refined to high resolution according to the gold-standard procedure 
in Relion 1.3 and overall resolution of the final maps was determined using high- 
resolution noise substitution™ in Relion 1.4 (Extended Data Fig. 2a). The final 
cryo-EM maps were sharpened as described**; and for each reconstruction local, 
resolution maps were computed using Resmap® (Extended Data Fig. 2f, g). Ifnot 
denoted otherwise, densities in the figures are rendered at 20, except winged-helix 
motifs 3-4 and SECIS of the GTPase-activated state, which are rendered at 1.3-1.7o. 
Figures were prepared using UCSF Chimera. 
Atomic model refinement. Pseudo-crystallographic refinement and model building. 
For initial model building and refinement, the cryo-EM density map of the 
GTPase-activated state was sharpened by applying a B factor of —120 A’, filtered 
to the estimated highest resolution limit and masked using a pseudo bulk solvent 
envelope. The mask was obtained by merging the cryo-EM map filtered at dif- 
ferent frequencies (9.0 A, 6.0 A and 4.0 A) using the RAVE package® and UCSF 
Chimera®. The masked cryo-EM density map was converted to reciprocal space 
structure factors using Crystallography and NMR System (CNS)**°” without 
employing phase significance blurring scale factors derived from FSC values. 
Initial rigid body fit of an atomic model of the kirromycin-stalled E. coli ribo- 
some complex”® lacking EF-Tu and Phe-tRNA?"* was performed against the 
masked cryo-EM map of the GTPase-activated state using Chimera, followed by 
rigid body refinement of individual chains in PHENIX® program. The atomic 
model of SelB with exception of tandem winged-helix motifs 3 and 4 was obtained 
by combining manual rebuilding and homology modelling with density-guided 
energy optimization, as implemented in the Rosetta package”, employing a tem- 
plate derived from Methanococcus maripaludis SelB (PDB ID: 4AC9)? and align- 
ment provided by the HHPRED server”. SelB tandem winged-helix motifs (wh) 1 
and 2 were modelled based on the crystal structure of the isolated domain 4 of SelB 
from Moorella thermoacetica (PDB ID: 1LVA)’?; and wh3 and wh4 with mRNA 
SECIS were modelled on the basis of the crystal structure of E. coli SECIS RNA 
bound to the domain of elongation factor SelB (PDB ID: 2PJP)”* using Rosetta 
and Coot”4. Sec-tRNA‘S* was manually modelled on the basis of the crystal struc- 
ture of RNAS“ in complex with seryl-tRNA synthetase (PDB ID: 3W3S)° with 
Coot and Rcrane”? and optimized by ERRASER”®. The catalytic water molecule 
in the GTPase active centre of SelB was modelled on the basis of the superposi- 
tion from PDB ID 4V5L* into available density. Before global optimization of 
the atomic model of ribosome was performed, models of all individual protein 
chains were relaxed against the masked cryo-EM map filtered to 3.8 A resolu- 
tion (GTPase-activated state) using Rosetta. The assembled complete ribosome 
model was further minimized in both real and reciprocal space (ERRASER, phenix. 
real_space_refine”’, phenix.refine) with alternating cycles of manual rebuilding 
in Coot and monitoring the local fit to the density with RESOLVE”. Refinement 
progress was additionally monitored by calculating the Pearson correlation coeffi- 
cient (CCyors ref. 79), as well as the Fourier shell correlation between the cryo-EM 
reconstruction and a model map (FSCwork). Both real and reciprocal space refine- 
ments in PHENIX employed automatically generated restraints and additional 
pseudo DEN (Deformable Elastic Network) restraints in order to maintain chem- 
ically important interactions. Group atomic displacement factors (ADP) were 
refined exclusively during reciprocal space refinement steps. During real space 
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refinement steps in phenix.real_space_refine Ramachandran plot restraints were 
enabled. For parts of the model exhibiting larger conformational differences and/or 
lower local map resolution, additional cycles of real space refinement and manual 
fitting were performed against experimental map filtered to lower resolution, which 
was gradually increased between subsequent refinement steps until convergence. 
To maintain the intermolecular interactions of selected model fragments within 
local environment, all residues within at least 15 A radius were included. For final 
refinement steps the cryo-EM map was sharpened* and masked using a smoothed 
model-based envelope generated within 3.0 A radius around atoms of the ribosome 
model of the GTPase-activated state before conversion to reciprocal space structure 
factors; for these steps and improved visualization the cryo-EM maps resolved at 
<3.6A resolution (initial complex, classical and GTPase-activated states) were 
resampled to a pixel size of 0.789 A. The final model of the GTPase-activated state 
consisting of 154,136 individual atoms was refined to 24.90% and 0.936 for Rwork 
and CCyork (definition is given below), respectively. The model of the GTPase- 
activated state exhibits a good stereochemistry with 90.87% of residues in the most 
favoured region and 0.88% residues in the disallowed region of the Ramachandran 
plot, protein side chain outliers of 2.83% and all atom clash score 15.09. 

The remaining states (initial complex, initial binding, codon reading, classical 
and hybrid states) were modelled based on the final model of GTPase-activated 
state in an analogous way. For cryo-EM reconstructions resolved at a resolution 
lower than 3.6 A, a 3.8 A radius for generating a smooth model-based envelope was 
chosen before generating reciprocal space structure factors used for the final refine- 
ment steps. FSCwork and CCwork/overalls Were Calculated in a resolution-dependent 
manner using SFALL program (CCP4 suite®. Real space correlation coefficients 
(RSCC) were calculated using RESOLVE. All atomic models fit well the experimen- 
tal cryo-EM map as judged based on the following criteria. (1) The Pearson cor- 
relation coefficient (CCyork) calculated between model and map structure factors 
(Fmodel and Fg) used for refinement is greater than 0.2 for the highest resolution 
shell and the overall correlation coefficient (CCoyerai!) is not lower than 0.9. (2) The 
calculated FSC,,o1; value between model map coefficients (Fimodel, Phas€model) and 
structure factors derived from the cryo-EM map (Frm, phasegm) used for refine- 
ment are not lower than 0.5 for the highest resolution shell and overall greater than 
0.9. (3) The cumulative RSCC values are greater than 0.8, 0.6 and 0.4 for 53-75%, 
88-94% and 95-97% of the residues, respectively. Detailed refinement statistics 
are presented in Extended Data Table 1, FSC and CCworx curves in Extended Data 
Fig. 2a—c. 

Modelling of the recruitment complex. To build the initial recruitment complex, 
SelB domain 4 from the structure of the isolated SECIS-domain 4 complex (wh2 
to wh4; PDB ID: 2PLY)”? was docked onto the initial complex by superimpos- 
ing the SECIS. Then, wh2 was used to model our structure of SelB-GDPNP- 
Sec-tRNA* onto the initial complex-domain 4 complex. 

Refinement against half maps. Refinements of final models against datasets 
obtained from two half maps were performed at 2.5 A resolution in PHENIX using 
several cycles of real space refinement followed by reciprocal space refinement 
employing reference model restraints. To remove possible model bias a random 
shift of 0.3 A was applied to all atomic positions before real space refinement. The 
FSC and CC were calculated between the models and the masked half-maps used 
for refinement, as well as between the model and the other half-map for cross- 
validation. The individual half-maps were masked using a smoothed mask derived 
from the respective refined model using a radius of 3.0 or 3.8 A depending on the 
estimated highest resolution limit. 

Molecular dynamics simulations. Simulation setup. To obtain the energetics 
and dynamics of the free ternary complex, molecular dynamics simulations were 
started from the ribosome-bound conformations (initial binding, codon read- 
ing, and GTPase-activated states). Coordinates of Sec-tRNA**, SelB (amino acids 
1-401), and GTP were extracted from the cryo-EM structures along with resolved 
water molecules and ions in the vicinity (<5 A). The system was protonated, 
solvated, and ions were added as described earlier®!. 

All simulations were carried out with Gromacs 5 (ref. 82) using the amberff12sb 
force field**, and the SPC/E water model**. Parameters for potassium and chloride 
ions were taken from ref. 85 and for modified nucleotides from Aduri et al.°°, Atom 
types for selenocysteine were obtained with ANTECHAMBER® and partial charges 
were determined using DFT-B3LYP with a 6-31/G* basis set. Bond and virtual-site 
constraints, temperature and pressure coupling were applied as described*!. 

For each of the three starting structures, the system was pre-equilibrated as 
described*! with potential-energy minimization and 50-ns molecular dynam- 
ics simulations with position restraints followed by release of position restraints 
during 20ns. Production runs started at 70 ns. At times 170, 270, and 370ns, 
coordinates were extracted from the trajectory, new velocities were assigned and 
new simulations were started (12 simulations; total production run simulation 
time of 2418). 
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Conformational dynamics of the ternary complex. To address the question of 
whether intrinsic conformational changes are rate-limiting for the transitions 
between the free ternary complex and the ribosome-bound states, we carried 
out a principal component analysis (PCA)** on three subsets of atoms: ‘v-arm’ 
(P-atoms of variable arm), ‘no-v-arm’ (remaining peptidyl-atoms of tRNA), and 
‘DI (Ca-atoms of SelB domain D1). The trajectories were rigid-body fitted using 
T-stem and acceptor-stem peptidyl-atoms for the ‘v-arm and ‘no-v-arm subsets 
and D2 Ca-atoms for the ‘D1’ subsets (At= 10 ps, discarding first 200 ns). The 
trajectories were concatenated and the atomic-displacement covariance-matrix 
was calculated. The first eigenvectors, sorted according to their eigenvalues, rep- 
resent the most dominant conformational modes. For ‘no-v-arm, the first two 
eigenvectors largely consist of a bending motion of the anticodon arm. To estimate 
the free-energy landscape of this motion, the projections of all frames onto these 
eigenvectors were binned. The relative free energy of each bin was calculated via 
AGbin = —kgT In(Chin/Cmax)» Where kg is the Boltzmann constant, T the temperature, 
Cbin the number of frames in the bin and ¢max is the maximum of all chin (Fig. 4c, 
Extended Data Figs 6a, 7e). 

For ‘no-v-arm conformational modes 1 and 2, the bending angles (a and (3) 
as a function of the projection onto the respective mode were calculated. The 
vector between the centres of mass of U34—A36 peptidyl-atoms and of T-stem 
peptidyl-atoms was calculated. For each projection, the angle between the vector 
and the vector corresponding to the bin with AG=0 was calculated. 

To monitor the local geometry of the active site in the free ternary complex, the 
minimal distances between His61 imidazole atoms and GTP atoms (Rep) as well 
as the van-der-Waals distance between Val9 and Met36 (Rcate) were calculated 
(At=10ps, discarding first 200 ns). The resulting free-energy landscape is shown 
in Extended Data Fig. 7f. 

Transition rates for tRNA movements. To estimate the magnitudes of rates for 
transitions of tRNAS“ in the free ternary complex between the conformations 
corresponding to the ribosome-bound states, the projections onto the “no-v-arm” 
conformational modes 1 and 2 were calculated, thus obtaining 2-dimensional tra- 
jectories. For each simulation the number of transitions n between the region 
around the free-energy minimum (all bins with 0 <AG <0.5kgT mol!) and the 
ribosome-bound conformations was counted. For each ribosome-bound tRNA 
conformation a region was defined by an ensemble of 10,000 structures generated 
from the cryo-EM coordinates and b-factors. For each peptidyl-atom and ensemble 
structure, the coordinate obtained from cryo-EM was shifted in a random direction 
by distance d drawn from a normal distribution p(d). The normal distribution p(d) 
with j= 0 and o=rmsf (calculated from the b-factor) was set to zero for d< a and 
d>o. The resulting structures were projected onto the ‘no-v-arm’ conformational 
modes. The region was defined as all bins with entries from these structures. The 
transition rates were calculated for each simulation by dividing n by the simulation 
time fsim. The mean rates and standard deviations were obtained by weighting the 
individual transition rates by the corresponding f.im. 

Coupling of tRNA and SelB conformational modes. To address a possible cou- 
pling of ‘v-arn’ and ‘no-v-arm conformational modes, we investigated whether 
the projections onto these modes are correlated as would be expected for coupled 
motions. For all four pairs of eigenvectors v, and vp, where v, is either ‘no-v-arm’ 
mode 1 or 2 and yj is either “v-arm” mode 1 or 2, the correlation coefficient of the 
projections was calculated. To estimate the statistical error, a bootstrapping method 
was applied. First, the autocorrelation time 7 was defined by f,-(7) = exp(—1), 
where f,-(Af) is the autocorrelation function of the projection. For a given pair of 
eigenvectors v, and vp, the maximum of the two corresponding 7 values (Tax) Was 
used as an interval to resample the projections, resulting in sets of N= tsim/Tmax 
projections. This resampling was repeated 1,000 times and mean and standard 
deviations of the correlation coefficients were calculated for the simulations started 
from the individual ribosome-bound conformations and for all simulations com- 
bined (Extended Data Fig. 6b, red points). To check whether the resulting correla- 
tion coefficients are statistically significant, the standard deviations expected from 
uncorrelated projections were estimated by randomly drawing N projections (1,000 
repetitions; Extended Data Fig. 6b, grey points). 

To address coupling between tRNA dynamics and motions of SelB domain 

1 (D1), the same analysis was carried out for ‘no-v-arm and ‘DI’ conformational 
modes (Extended Data Fig. 6c). 
Data availability statement. Cryo-EM maps/coordinates of the atomic models for 
each state have been deposited in the Electron Microscopy Data Bank/Protein Data 
Bank (http://www.emdatabank.org/) with the following accession codes: initial 
complex, EMD-4121/5ZLA; initial binding state, EMD-4122/5ZLB; codon reading 
state, EMD-4123/5ZLC; GTPase-activated state, EMD-4124/5ZLD; classical state, 
EMD-4125/5ZLE; hybrid state, EMD-4126/5ZLF. Cryo-EM micrographs and 
particle images have been deposited in the EMPIAR database (https://www.ebi. 
ac.uk/pdbe/emdb/empiar/) with accession code EMPIAR- 10077. 
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Extended Data Figure 1 | Computational sorting of ribosome particle 
images. a, Hierarchical sorting scheme. Numbers refer to classification 
steps. SVC, supervised classification by projection matching; ‘bad’ 70S, 
the particles of low quality and/or those showing mixtures of different 
compositions and conformations; initial complex (hybrid) (IC (hybrid)), 
ratcheted state of the ribosome with one tRNA in the hybrid state. b, Mask 


(©) Final particle populations 


Ss 


used for focused classification in step 4. c, Cryo-EM reconstruction from 
100,000 random unsorted particle images. Left, initial refinement stage at 
10A resolution showing only scattered density (red) for SelB, Sec-tRNA**° 
and SECIS. Right, final cryo-EM map at 3.7 A resolution. d, Structural 
changes resolved by computational sorting as quantified by the r.m.s.d. 
and the changes in mass due to ligand binding and dissociation. 
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Extended Data Figure 2 | See next page for caption. 
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Extended Data Figure 2 | Cryo-EM map and model quality. a, Fourier 
shell correlation (FSC) curves and model validation. FSC curves are 
shown for each state. Black, the FSC curve computed between the masked 
independent half-maps from cryo-EM refinement (half1 and half2); 

blue, the FSC curve between the final cryo-EM map (map) and the final 
model (model); red, the FSC curve between half-map 1 (half1) and the 
model obtained by refinement only against half-map 2 (model2). The 
vertical black dashed line indicates the resolution according to the 0.143 
criterion (grey line) and the maximum resolution at which the full atomic 
models were refined. b, FSC curves (FSCwork) computed for each state 
between reflections from solvent-flattened cryo-EM maps and model 
maps generated from refined atomic coordinates. Differences to d largely 
result from solvent-flattening (Methods). c, CCyork curves as obtained 

by refinement for each state. For reliable resolution estimates CCwork is 
expected to be >0.2 in the highest resolution shell. d, Cryo-EM densities 
and models of the quarternary complex, SelB-GDPNP-Sec-tRNAS*— 
SECIS-mRNA for each SelB-bound ribosome state. Densities are coloured 
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as in Fig. 1b and rendered at ~20, except wh3, wh4 and SECIS of the 
GTPase-activated state, which are rendered at ~1.50. Top right: Sec- 
tRNA“ density (purple) in the initial binding state at 5.3 A resolution; 

the conformation of the invariant histidine 61 is not discernible (question 
mark). Middle right: Density for histidine 61 (blue) in the codon reading 
state indicating a partially flipped-in conformation. e, Densities for rRNA 
modifications as seen in the GTPase-activated state at 3.4 A resolution. 
Densities are rendered at ~30. Arrows denote the characteristic distortion 
of the nucleobase of D2449 and methyl groups for the other modified 
nucleotides. f, g, Cryo-EM reconstructions of the individual states (as 
indicated) coloured according to local resolution. Left: Surface view; right: 
Cut-away view. Heat maps are adjusted to the respective resolutions ranges 
of the cryo-EM maps in f and g. The arrow denotes the substantially lower 
local resolution of SelB residues 485 to 614 in the GTPase-activated state; 
atomic models for such regions were correspondingly refined at lower 
resolution (Methods). 


© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. 


ARTICLE 


iC CA-Sec 
R 


arm 


Or 

iol 

3 
Noga 
OCP>Or>ag 


D stem Pe is 
\ SASS Ty 
oP guguege eae TE 
DOS SES eeu lcd FUc. 

SisiScy Pca 
bre ad, Cel’ a variable 
a 
anticodon ag cw ‘© arm (VA) 
stem "aE. coli 


Ross 2e0 Wes, yg AY Sec-tRNA™ 


Sa 

20 

=o 

S 

omy 
@. 
oO 
3 


= T stem | in (A1) = 
Superposition tRNA™ onto SelB 


Sec-tRNA®* 


acceptor 


stem out 


@ 
Sec-tRNA** 


Extended Data Figure 3 | See next page for caption. 
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Extended Data Figure 3 | Structural basis for the specificity of tRNAS“ 
recognition by SelB. All superpositions are based on domains 1 and 2 of 
SelB and EF-Tu, respectively. a, Overview of SelB-GDPNP-Sec-tRNA*** 
bound to the ribosome in the GTPase-activated state. Numbers refer to 
the close-ups in b, e and g, respectively, which depict specific SelB- 
Sec-tRNA** interactions. SelB d1-3, domains 1 to 3 of SelB; VA, variable 
arm. b, Interactions between SelB (domain 3, red, and the linker, residues 
340-363 in khaki) and the backbone of the extra-long variable arm of 
tRNA‘. These interactions do not form in the canonical EF-Tu-aa-tRNA 
complexes. c, The structure of tRNA***, In contrast to canonical tRNAs, 
tRNA‘“ entails an additional base-pair in the acceptor stem (A5a-U67a, 
red), a unique sequence in the T-stem, the so-called antideterminant box 
(C7-G66, G49-U65 and C50-G64, orange), and a very long variable arm 
(yellow). d, Superposition of tRNA‘“ (purple) and the canonical tRNA“ 
(dark grey) in the complex with SelB-GDPNP and EF-Tu-GDPNP, 
respectively. The structure of the canonical EF-Tu-GDPNP-Cys-tRNAOS 
is from PDB structure 1B23 (ref. 11). Note the distortion in the acceptor 
stem of tRNA‘* (residues G1-U6/G72-A67) as compared to tRNA that 
compensates for the additional base pair. As a result of the distortion, the 
main factor-binding sites of both tRNAs, the CCA end and the T-stem, 
overlap and the bases are arranged in register (‘in’). In the T-stem, the 
bases are shifted by exactly one base pair (‘A1’) between the two tRNAs, 
which shifts the bases out of register (‘out’) in the acceptor stems of the 
two tRNAs. e, Specific interaction between the extended loop (blue) in 
SelB domain 3 and the antideterminant box in the T-stem of tRNA**. 

f, Sequence-specific interaction between the loop (blue) in EF-Tu domain 
3 and the T-stem of tRNA“ (PDB ID 1B23 ref. 11). Note the different 
structure of the hairpin-loop as compared to SelB, contributing to the 
particularly low affinity of EF-Tu for tRNA‘ (ref. 89) (see also k, middle 
panel). g, Charge distribution in the amino-acid-binding pockets of 

SelB (left) and EF-Tu (right). The colour bar on the right denotes the 
electrostatic potential in kyTe~'. Note the similar geometry of tRNA 
binding in the two complexes. In SelB, the pocket is positively charged, 
facilitating the interaction with the negatively charged selenol group of 
Sec-tRNA** and the discrimination against the precursors of Sec-tRNAS* 
biosynthesis, deacylated tRNA‘ and Ser-tRNA**, as well as against 
most canonical tRNAs. In EF-Tu, the amino-acid-binding pocket 

is negatively charged, thereby discriminating against Sec-tRNA‘*. 

h, Recognition of the selenol group in Sec-tRNA‘* by SelB. The positively 
charged, highly conserved Arg181 and Arg236 in SelB contact the 
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negatively charged selenol group (Se, orange), whereas the aromatic ring 
of Tyr42 stacks onto the selenol group. The importance of these residues 
was demonstrated by mutational analysis”. The universally conserved 
Asp180, which is also important for Sec-tRNA‘* binding?, forms a 
secondary binding shell stabilizing Arg236. i, Solvent-exposed amino-acid- 
binding site as found in the crystal structure of isolated Aquifex aeolicus 
(aq) SelB-GDPNP co-crystallized with L-cysteine as Sec mimic (PDB ID 
4ZU9)*. The position of Cys deviates by 5 A from the amino acid position 
in the present SelIB-GDPNP-Sec-tRNA*“ structure (grey), resulting in a 
distinct interaction pattern and a more solvent-exposed binding site of the 
Cys. j, Superpositions of Sel1B-GDPNP-Sec-tRNA** and EF-Tu-GDPNP- 
Cys-tRNA™ revealing differences in T-stem recognition by the loop in 
SelB domain 3 versus EF-Tu. Top: The loop structure in SelB is compatible 
with binding of canonical tRNA“. Other tRNAs with different T stem 
sequences (particularly at position 63, red arrow) may be unfavourable 

for the interaction with the conserved Ser327 in SelB. Middle: The 

loop structure in EF-Tu is incompatible with the conformation of the 
antideterminant box (orange) in tRNA**°. Bottom: In isolated aqSelB (PDB 
ID 4ZU9)§, the loop adopts a similar conformation as in the SelB ternary 
complex, suggesting a conserved loop structure that facilitates recognition 
of tRNAS®¢, k, Experimental density depicting the interaction of SelB 

with the acceptor and T stem region of tRNA** in the GTPase-activated 
state (rendered at 2c) suggesting alternative conformations of Arg329; 
green mesh, density rendered at 1c. 1, Scheme depicting the functional 
importance of rearrangements of the tRNA‘** variable arm for translation 
elongation after Sec incorporation. (1) Upon release from SelB, tRNA‘S® 
accommodates in the aminoacy] site in the classical state. The variable arm 
undergoes a large reorientation from a SelB-bound distorted conformation 
in the GTPase-activated state to its free ground state conformation in 

the classical state (left close-up); the latter ground state conformation 

is similar to the conformation of the variable arm found in complexes 

of tRNA‘ with its conversion enzymes, seryl-tRNA synthetase® and 
SelA*!. (2) After peptide bond formation (resulting in the hybrid state, not 
shown), peptidyl-tRNA‘“ is translocated to the classical peptidyl site. (3) 
Binding of the next aa-tRNA (orange) is only compatible with the variable 
arm adopting the classical state conformation; the GTPase-activated state- 
conformation of the variable arm would sterically interfere with binding of 
the next aa-tRNA (right close-up). The long variable arm of canonical class 
2 aa-tRNA is not distorted upon EF-Tu binding” and, consequently, does 
not require any changes during translation elongation. 
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Extended Data Figure 4 | The SelB-SECIS interactions on the ribosome 
and kinetic analysis of GTP hydrolysis. a, Close-up of the SECIS- 
ribosome interactions in the GTPase-activated state. Ribosomal proteins 
$3, $4, and $5 contribute to the helicase activity of the ribosome’. Arg130 
and Arg131 of S3 and Lys44 and Arg46 of S4 are important for mRNA 
unwinding”. Other potential helicase elements are Arg71 and Arg125 in 
S3, which interact with the base of the SECIS hairpin and may thereby 
facilitate unwinding of the mRNA secondary structure elements. The 
mode of SECIS recognition by SelB on the ribosome is similar to that 

in isolated SelB domain 4-SECIS complexes, including three essential 
bulged nucleotides in the SECIS (U21, G26 and U27; present data and 

refs 9, 25 and 72). b, Interaction of SelB domain 4 with the shoulder of 
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the 30S subunit. Winged-helix motif 4 (wh4) of SelB forms salt bridges 
with protein S4, while wh2 and wh3 embrace helix 16 of 16S rRNA by 
interacting mainly with the rRNA backbone. c, Concentration dependence 
of the apparent rate of GTP hydrolysis by SelB measured with increasing 
concentrations of ribosomes programmed with mRNAs ‘UGA (black), 
‘iSECIS’ (blue) and ‘UUC ’ (red). d, mRNA construct ‘UGA used for 
structural and kinetic analyses containing the cognate UGA codon coding 
for Sec and the functional minimal fdhF-SECIS. The Sec codon and the 
essential bases of the SECIS are indicated by boxes; SD, Shine-Dalgarno 
sequence. e, f, mRNA constructs ‘iSECIS’ and ‘UUC’ used for kinetic 
analysis. Changes in comparison to the ‘UGA mRNA are indicated in blue 
(iSECIS) and red (UUC). 
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Extended Data Figure 5 | See next page for caption. 
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Extended Data Figure 5 | Local and global conformational changes of 
the 30S subunit. a, Rearrangements of A1913 in H69 of 23S rRNA. A1913 
stabilizes A1492 and A1493 and guides Sec-tRNA** to the mRNA codon 
by interaction with isopentenyl-A37 (i6A37) of tRNA‘. The respective 
conformation (syn or anti) is denoted; dashed lines indicate potential 
interactions with distances <4 A. b, Close-up of the distance Ras, between 
the UGA (N1 of G) and anticodon of tRNA‘ (N3 of C35). Note the 
potential interaction between the third codon position and the tRNA 
anticodon in the codon reading state. c, Global conformational changes 
of the 30S subunit upon accommodation (GTPase-activated to classical) 
and hybrid state formation (classical to hybrid). tRNA accommodation in 
the aminoacyl site does not cause major 30S subunit rearrangements, in 
contrast to the eukaryotic system, where tRNA accommodation correlates 
with a large-scale conformational change®™*. Subsequent tRNA hybrid 
state formation is coupled to the well-known rotational movement of the 
30S subunit”®. The typical rotational changes all over the 30S subunit are 
clearly distinct from the changes observed upon domain opening and 
closure, which are mainly found at the shoulder region (Fig. 3a). The 

heat map quantifies the movements of 16S rRNA backbone phosphate 
atoms as obtained by superposition on 23S rRNA of the initial complex 
state (Fig. 3a). d, Deviations of the 16S rRNA backbone phosphates in 

the initial binding, codon reading, or GTPase-activated states from the 
initial complex superimposed on 23S rRNA (top) or 16S rRNA (bottom). 


Negative values correspond to the 30S domain opening, positive values to 
domain closure. Landmarks of the 30S subunit are indicated. 

e, f, Experimental densities of the decoding centre region rendered at 
2-2.50, if not indicated otherwise. For better visibility, densities for 
tRNA‘ were omitted for the GTPase-activated state. e, Anti-conformation 
of G530 and stacking interaction with C518 of 16S rRNA as seen in 

the different states. Bottom left: Note the density of tRNA‘ (purple) 
suggesting a partial interaction of U34 with the mRNA codon in the codon 
reading state. f, Different conformational states of A1492, A1493 (red) of 
16S rRNA and A1913 (slate blue) of 23S rRNA. Top left: In the initial 
complex the reduced densities for the three nucleotides indicate a dynamic 
equilibrium between two states: (1) A1492, A1493 flipped out (‘out’ red) 
with A1913 in anti-configuration (‘anti slate blue) and (2) A1492, A1493 
flipped in (‘in, dark red) with A1913 in syn-configuration (‘syn, dark slate 
blue). Top middle: The dynamic nucleotides in the initial complex 

are discernible at lower threshold (red mesh, density at ~1o). Top right 
and bottom left: Density in the initial binding and codon reading states is 
compatible with the bases of A1492 and A1493 flipped-in and A1913 in 
the anti-configuration. Bottom right: In the GTPase-activated state, A1492 
and A1493 are flipped-out and A1913 remains in the anti-conformation. 
g, Density for the codon-anticodon interaction in the GTPase-activated 
state rendered at ~3<. 
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Extended Data Figure 6 | Molecular dynamics simulations of the free 
ternary complex. a, tRNA‘* dynamics obtained by molecular dynamics 
simulations of the free SelB-GTP-Sec-tRNA** ternary complex. The 
free energy landscape for the conformational dynamics of the tRNA‘** 
body, excluding the variable arm, is shown as a heat map. The free energy 
was estimated from separate simulations starting from the structures 
of the ternary complex bound to the ribosome in initial binding, codon 
reading, and GTPase-activated states (upper and lower left panels), as 
well as from all simulations combined (lower right panel). The results of 
different simulations have a large overlap, especially in regions of low free 
energy. The crosses denote the tRNA conformations in the ribosome- 
bound cryo-EM states and the free energy minimum of the free ternary 
complex found in the molecular dynamics simulations. b, Weak coupling 
between the conformational dynamics of tRNA“ excluding the variable 
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arm (no-v-arm) and of the variable arm (v-arm). Each panel shows the 
correlation coefficients for a pair of conformational modes (red points, 
with standard deviation) for the simulations starting from each state 
(initial binding, codon reading, and GTPase-activated), as well as for all 
simulations combined. The grey bars denote the standard deviation of the 
correlation coefficient expected from random drawing of projections. All 
pairs of modes show a small but significant correlation, indicating a weak 
coupling. c, Coupling between tRNA dynamics (no-v-arm modes) and 
SelB motions (SelB domain 1, D1, relative to domain 2, D2). Only a weak 
overall correlation is seen between no-v-arm mode 1 and D1 mode 2. The 
three ribosome-bound conformations do not change much with regards to 
no-v-arm mode 1 (Fig. 3b), which suggests that there is no direct coupling 
between tRNA dynamics and SelB motions on the ribosome. 
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Extended Data Figure 7 | Role of L11-rRNA arm, protein $12 and the 
dynamics of SelB domains. a, Role of L11-rRNA arm in guiding Sec- 
tRNA** towards H89. Residues of protein L11, H43 and H89 of 23S rRNA 
are shown in mauve; dashed lines mark interactions with the D loop (DL) 
and T loop (TL) of tRNA‘*“ (purple); arrows denote changes with respect 
to the preceding state. b, Protein $12 as a pivot for tRNAS* movement. $12 
His76 interacts with the backbone of tRNA‘ (residue U69) guiding the 
tRNA from its position in the codon reading state (grey) to the GTPase- 
activated state (coloured). c, Inter-subunit rearrangement in SelB upon 
transition from initial binding to codon reading. Shown is the small 
movement observed in addition to the rotation of SelB relative to the 30S 
shoulder as depicted in Fig. 4f, upper panel. d, SelB residues facilitating 
SRL docking. Left and middle: Spontaneous fluctuations within SelB that 
are required—in addition to the rotation upon 30S domain closure (shown 
in Fig. 4, lower panel)—for transition from codon reading (grey) to the 
GTPase-activated state (red). Middle: 30S domain closure and tRNA‘ 
repositioning re-align SelB and in particular its long polar residues 
towards the SRL. Right: SelB-SRL interactions resulting from docking 

in the GTPase-activated state. e, Motions of SelB domain 1 (D1) relative 

to domain 2 (D2) in the molecular dynamics simulations of the free 
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ternary complex. SelB domain 1 can rapidly and spontaneously sample 
arrangements required for the transitions from initial binding to codon 
reading and GTPase-activated states. f, Minimum distance between the 
imidazole ring of SelB His61 and -\-phosphate/oxygens of GTP (Rerp) and 
the minimum distance between the Van der Waals radii of Val9 and Met36 
(Rgate), residues adjacent to His61 in SelB and analogous to the presumed 
‘gate’ in EF-Tu>. In the free ternary complex, the distance between GTP 
and His61 of SelB is larger than in the GTPase-activated state on the 
ribosome, although Val9 and Met36 can freely move apart. Distances 

for the crystal structure of SelIB-GDPNP are labelled 4ZU9 (ref. 8). 

g, Metastable SelB conformation in the GTPase-activated state. SelB in 

the GTPase-activated state was taken as initial structure for molecular 
dynamics simulations. During the first 50 ns of the simulations, the 
positions of heavy atoms are restrained to allow equilibration of the solvent 
(top panel). As soon as the restraints are released (50-70 ns), the distance 
between His61 and GTP increases (middle panel), and residues Val9 and 
Met36 resume fluctuations between open and closed conformations. 

h, Comparison of the active sites in SelB and EF-Tu. Top: GTPase centre 
of SelB in the GTPase-activated state. Bottom: Activated GTPase centre of 
EF-Tu on the ribosome (PDB ID 4V5L)*°. 
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Extended Data Table 1 | Data collection and model refinement 
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||CCwork = Pearson correlation coefficient calculated between Fem and Fwopet. 
FSCwork is averaged over all FSC shells (FSCoverail) calculated between Fem and Fuoper belonging to the working set. The value for the highest resolution shell is shown in parenthesis and was calculated 
using the form: FSCwork(shell = =(Fem x Fmopet Cos(Aphase))/((v(2|Fem|)  (v(2|FMopetl?))- 
Residue-averaged real space local correlation coefficient in region of model (RSCC) to EM map calculated with RESOLV 
*Calculated with RESOLVE’®. 
**For the initial complex, the average RSCC for the SECIS was computed against the map filtered to lower resolution; the resulting low RSCC value indicates substantial conformation variability of the 
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For refinement, maps at >4.6A resolution were cropped to 280 x 280 x 280 pixels; maps at <3.6A resolution were resampled to 400 x 400 x 400 pixels, corresponding to a pixel size of 0.789A. 
Refinement target: MLHL maximum likelihood with experimental phase probability distribution. 

Highest resolution shell is shown in parenthesis. 
Rwork: &||Fem| —|Fmopev||/|Fem!, where Few are structure factors calculated on the basis of solvent flattened EM map and Fone are structure factors calculated from the refined model. The structure 
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Observed glacier and volatile distribution on Pluto 
from atmosphere-topography processes 


Tanguy Bertrand! & Francois Forget! 


Pluto has a variety of surface frosts and landforms as well as a 
complex atmosphere’. There is ongoing geological activity related 
to the massive Sputnik Planitia glacier, mostly made of nitrogen (N2) 
ice mixed with solid carbon monoxide and methane’, covering the 
4-kilometre-deep, 1,000-kilometre-wide basin of Sputnik Planitia)? 
near the anti-Charon point. The glacier has been suggested to arise 
from a source region connected to the deep interior, or from a sink 
collecting the volatiles released planetwide!. Thin deposits of Nz 
frost, however, were also detected at mid-northern latitudes and 
methane ice was observed to cover most of Pluto except for the 
darker, frost-free equatorial regions”. Here we report numerical 
simulations of the evolution of Nj, methane and carbon monoxide 
on Pluto over thousands of years. The model predicts N> ice 
accumulation in the deepest low-latitude basin and the threefold 
increase in atmospheric pressure that has been observed to occur 
since 1988*°. This points to atmospheric-topographic processes as 
the origin of Sputnik Planitia’s N2 glacier. The same simulations also 
reproduce the observed quantities of volatiles in the atmosphere and 
show frosts of methane, and sometimes N>, that seasonally cover the 
mid- and high latitudes, explaining the bright northern polar cap 
reported in the 1990s”* and the observed ice distribution in 20157. 
The model also predicts that most of these seasonal frosts should 
disappear in the next decade. 


Initial distribution 


N,, CH,, CO 
ices everywhere 


After 250 years 


‘Sputnik Planitia’-like 
basin (3 km deep) 


After about 50,000 years 


1994 
L, = 15° 


2002 
L, = 34° 


Figure 1 | Surface maps from the reference simulation with 

TI=800J s~!? m~? K~!. The top row shows the initial 10,000 years, 
starting with all ices uniformly distributed. N2 ice is sequestered in the 
basin after 10,000 Earth years. The bottom row shows results after 50,000 
Earth years, with methane ice in a quasi-equilibrated state. The maps are 
shown for 1994, 2002 and 2015 for the sake of comparison with Hubble 


To understand the distribution of volatiles on Pluto, we developed 
a numerical volatile transport model designed to represent the 
physical processes that control their condensation, sublimation and 
atmospheric transport forced by the variation of insolation throughout 
multiple annual cycles (see Methods). The model derives from a full 
Pluto General Circulation Model? (GCM) able to calculate the three- 
dimensional transport and mixing in the atmosphere, but too slow to 
run for multiple Pluto seasons. To simulate the cycles of the volatiles 
for thousands of terrestrial years in a practical amount of computing 
time, atmospheric dynamics and transport were parameterized using 
a simplified redistribution of N2, carbon monoxide (CO) and methane 
(CH,) gases with characteristic timescales estimated from ‘short GCM 
simulations. We start our simulations with Pluto uniformly covered 
with 50kg m ~” of each kind of ice, and let the modelled planet evolve 
for 50,000 terrestrial years. The seasonal ice cycles are then repeatable 
from one Pluto year to the next. However, they strongly depend on key 
model parameters such as the topography, the albedo and the emissivity 
of the ices (only partly constrained by observation and theory), the 
total ice inventories, and the thermal conductivity of the shallow 
(centimetres) and deep (metres) subsurface, which control the diurnal!® 
and seasonal global thermal inertia, respectively. 

Assuming a flat surface, the model reproduces the results of pre- 
New Horizons N> cycle models!!!”. Like those models, we find that 


After 4,000 years After 10,000 years 


All N, ice trapped 
in the basin 


@ Pure CH, 


O N, + CH, +CO 


@ Ice-free 


cd 


2015 2030 
L, = 63° L,=91° 
Telescope”*'® and New Horizons!” data. The corresponding solar 
longitudes L, (that is, the Pluto-Sun angle measured from the Northern 
spring equinox where L, = 0°) are shown. The sub-latitude shown is the 
sub-solar point and the central longitude is the anti-Charon point (Sputnik 
Planitia). 


1Laboratoire de Météorologie Dynamique, IPSL, Sorbonne Universités, UPMC Université Paris 06, CNRS, BP99, 4 place Jussieu, 75005 Paris, France. 
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Figure 2 | Modelled annual evolution of atmospheric volatiles. 

a, Surface pressure P, for three TI scenarios. For each value of TI, the Nz 
ice albedo and emissivity were chosen to yield a surface pressure near 
1-1.1 Pa in July 2015 (see Methods). Black squares show P, measured 
by stellar occultations® at 1,215 km (1c) from Pluto’s centre (P},215 km), 


seasonal thermal inertia (TI, measured in units of J s~!/? m-? K7}), a 
poorly known parameter, is the key driver of the N> cycle. On a flat Pluto, 
two end-member behaviours arise. High TI leads to the formation of a 
permanent band of Nz; ice in the equatorial regions because the 
annual-mean insolation is lower there than at the poles, as a result of 
the high obliquity of Pluto!’. On the other hand, low TI yields more 
pronounced seasonal variations and the formation of N2 seasonal polar 
caps only. 

We examined the effect of topography, whose origin on Pluto we 
do not discussed here, by placing a 4-km-deep circular crater at the 
location of Sputnik Planitia and two smaller craters corresponding to 
the informally called Burney (1,000 m deep) and Guest (800m deep) 
craters!, 

With such an orography, in the high-T] cases, all the N> ice is entirely 
sequestered in the modelled ‘Sputnik Planitia’-like basin after roughly 
10,000 Earth years (Fig. 1). The N2 ice does not form a permanent 
latitudinal band, as in the flat planet case, because the basin induces a 
higher surface pressure and thus a higher condensation temperature, 
which leads to a stronger thermal infrared cooling and a higher 
condensation rate. This phenomenon is also observed on Mars, where 
CO, frosts preferably form at low elevations such as the Hellas basin’ 
(Extended Data Fig. 1). The characteristics of Sputnik Planitia are thus 


assuming the same ratio P./P},215 km as measured in 2015. b, Global mean 
mixing ratio of atmospheric CO and CH, obtained with the reference 
simulation (TI=800J s~!? m~? K~!). The 2008-2012 values are consistent 
with terrestrial observations!”!° (black squares; see Methods). 


explained by its latitude and depth rather than by a connection with 
putative N> reservoirs in the deep interior. 

In our model, N> ice is entirely trapped in Sputnik Planitia when 
using a TI value higher than 700J s-'/* m~? K~! coupled with an ice 
albedo up to 0.7 and an emissivity up to 0.8. Decreasing TI to fall in 
the range 400-700] s~!’? m~? K~! allows surface temperatures to reach 
the N2 condensation point at other locations during the coldest part 
of the year. Seasonal frosts of Nz then appear in the polar regions, 
but most of the N> inventory remains in Sputnik Planitia. The lower 
the TI, albedo or emissivity of N2 ice, the more mobile the ice. This 
leads to larger and more time-resistant seasonal frosts. When TI is too 
low for N2 ice to remain in the crater, N2 forms only seasonal polar 
caps. However, the high-TI simulations are more consistent with the 
observations, not only because they form a thick N; glacier in Sputnik 
Planitia, but also because they predict a realistic evolution of the surface 
pressure (Fig. 2a and Extended Data Fig. 2). 

Assuming realistic N2 ice albedos in our model, we could obtain 
a threefold increase in surface pressure between 1988 and 2015, as 
observed with stellar occultations*, reaching about 1.1 Pa when the 
New Horizons radio occultation experiment measured it in 2015'°. The 
pressure increased during this period because the sub-solar point was 
then at the latitudes of Sputnik Planitia and the N> ice insolation was 
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Figure 3 | Comparison between the observed’ and modelled ice distributions in July 2015 with a slightly brighter and colder methane frost than in Figs 1 
and 2. a-d, Observed; e, modelled. TI=800J s-" m-? K~}, Acu,=0.7 and ec, = 0.95. This scenario allows N; frost to condense at mid-latitudes as observed. 


near maximum. After 2015, the modelled mean pressure decreased 
because the insolation in Sputnik Planitia was reduced, initially because 
the subsolar point was at higher latitudes and later because Pluto moved 
away from the Sun. 

The stellar occultation pressure observations provide quantitative 
constraints for models. If we tune the N> ice albedo to obtain 
surface pressure in the 1-1.2 Pa range in 2015 as observed (Fig. 2), 
we find that low TI leads to a stronger increase of surface pressures 
in 1988-2015. In our simulations, the ratio of surface pressure P, in 
2015 to that in 1988—that is, P,(2015)/P,(1988)—is near 2.5, 3, 4.5 
and 6 for TI values of 1,000J s-/? m-? K~1, 800J s- 2 m-? K-74, 
600J s~! m~? K~! and 400J s~!’? m~? K™! respectively. TI values 
lower than 500J s~? m~? K~! are thus ruled out. The higher values of 
Tl are sufficient to maintain a substantial surface pressure of several 
millipascals throughout Pluto’s orbit (Fig. 2). 

Within that context, where might CO be expected to condense on 
Pluto? Our simulations show that in the moderate-TI to high-TI cases 
CO accumulates with N2 ice in Sputnik Planitia and never forms pure 
CO deposits, in agreement with the New Horizons detections of CO in 
Sputnik Planitia” (Fig. 3d). Although CO is almost as volatile as No, it 
is found in trace amounts in the atmosphere (thus requiring very low 
temperatures to condense) as a consequence of its low mixing ratio 
in the surface N2:CO ice mixture and Raoult’s law, controlling the 
vapour pressure equilibrium. We do not independently calculate the 
N2:CO surface ice mixing ratio, but rather impose 0.3% as derived from 
telescopic observations'®. Figure 2b shows the evolution of atmospheric 
CO in the reference simulation with TI = 800J s-/? m~? K~!. The mean 
gas volume mixing ratio remains close to 0.04%, in good agreement 
with the telescopic measurements made in 20101”. In contrast, for the 
simulations with low TI (TI < 200J s-!? m~? K~!) and no permanent 
N> ice deposits, the CO gas mixing ratio reaches 20%-30% in 2010, 
which is unrealistic and confirms the presence of a permanent cold 
trap in Sputnik Planitia. 

The modelled methane cycle is fundamentally different. Like CO, 
CH, tends to accumulate on Nj ice in Sputnik Planitia, which acts 
as a cold trap. However, CH, is much less volatile than CO and after 
50,000 years the methane cycle forms seasonal CH, frosts through 
vapour-pressure interaction with atmospheric methane. Seasonal 
methane frosts are present in both hemispheres during autumn, winter 
and spring, excluding an equatorial belt which always remains ice-free 
(Fig. 1 and Extended Data Fig. 3). These seasonal deposits explain 
the bright northern pole observed in 1985-1990’, 1994*!8 and 
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2002'8 and the methane-covered northern hemisphere seen by New 
Horizons. 

Figure 2b shows the evolution of atmospheric methane in our 
reference simulation. The two seasonal peaks are induced by the 
sublimation of the seasonal polar frost during northern and southern 
spring. The quantities are very sensitive to model parameters, but using 
realistic CH, ice albedo and emissivity values (Acy, = 0.6 and 
EcH,=0.9) the mean volume mixing ratio reaches 0.4%-0.5% in 2015 
in agreement with the observations’”"*. The ratio reaches more than 
2% in the opposite season, because the atmosphere is then ten times 
thinner and provides less dilution of methane. 

We discovered that a higher CH, ice albedo (Acy, > 0.65) enables 
the ice to be sufficiently cold in autumn and winter to allow N2 to 
condense and form a latitudinal band around 25°-60°N (Fig. 3e). This 
corresponds to the latitudes where N> frost was detected outside 
Sputnik Planitia’ (Fig. 3a, b). The frost can last until late spring in both 
hemispheres (that is, after 2015 in northern spring) and is almost 
devoid of CO ices. This is the scenario that best explains the zonal band 
of N2 frost observed by New Horizons. 

In all of our simulations that produce a permanent Sputnik Planitia 
Np glacier, methane is slowly trapped in Sputnik Planitia, from where 
it can barely sublime. The model ultimately converges towards a 
methane-poor Pluto atmosphere with no methane frost. In reality, 
however, some processes must refill the system with methane. For 
instance, cold-trapped methane may be released when Nj ice retreats 
at the edge of the Sputnik Planitia glacier, especially when the obliquity 
or the perihelion season vary”’. Perennial methane deposits may form 
locally as a result of processes not included in our model”!, such as the 
reduced insolation on local slopes or atmospheric adiabatic cooling 
inducing methane precipitation on mountains. 

The very high model sensitivity encountered during our studies 
and the complexity of the methane ice-rich terrains observed by 
New Horizons show that many details of the CHy cycle remain to 
be explored. Meanwhile our volatile model provides a first-order 
explanation for the distribution of ices, the evolution of surface 
pressure and the atmospheric volatile budget observed on Pluto. 
A robust prediction from many of our simulations is the disappea- 
rance of the mid- and high-latitude frosts currently observed in 
the northern hemisphere (Fig. 1) and the decrease of pressure and 
atmospheric methane in the next decade (Fig. 2). Such changes 
would be detectable telescopically, allowing future observers to test 
the model. 
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METHODS 


Pluto’s surface is represented by a grid of 32 longitudes x 24 latitudes. At each point the 
model computes the surface radiative budget, the exchange of heat with the subsurface 
by conduction, and the exchanges of volatile (N2, CO, CH,) with the atmosphere. 
Insolation and radiative cooling. At each time step the local solar insolation is 
calculated taking into account the variation of the Pluto—Sun distance throughout 
its orbit, the seasonal inclination and the diurnal cycle. The atmosphere is assumed 
to be transparent at all wavelengths. 
Thermal conduction into the subsurface. The heat flux from and to the subsurface 
is computed using a classical heat conduction model with thermal inertia I as the 
key parameter controlling the influence of the subsurface heat storage and 
conduction on the surface temperature: I=./\C, with . the heat conductivity of 
the ground (in units of J sm! K7!) and C the ground volumetric specific heat 
(J m~?K~}). In practice, we thus use I as the key model parameter, assuming a 
constant value for C= 10°J m~* K~! and making ) vary accordingly. On Pluto one 
needs to simultaneously capture (1) the short-period diurnal thermal waves in the 
near-surface, low-TI terrain and (2) the much longer seasonal thermal waves which 
can penetrate deep in the high-TI substrate. The diurnal thermal inertia is set to 
20J s-? m~? K~}, as inferred from Spitzer thermal observations”, and the seasonal 
Tlis varied in the range 200-2,000J s~ 2 m~? K~! as discussed in the main text. 
The modelled diurnal and annual skin depths are 0.008 m and 10-100m 
respectively. To adequately resolve these scale lengths, the subsurface is divided 
into 22 discrete layers, with a geometrically stretched distribution of layers with 
higher resolution near the surface (the depth of the first layer is 1.4 x 10-+m) 
and a coarser grid for deeper layers (the deepest layer depth is near 300m). Our 
simulations are performed assuming no internal heat flux. 
Volatile condensation and sublimation. We computed the phase changes of N>, 
CHy, and CO using the thermodynamic relations from ref. 22, taking into account 
the a- and 8-phase transitions. The rate of Nz condensation or sublimation is 
derived from the amount of latent heat required to keep temperatures at the frost 
point if N2 ice is present. CHy and CO are minor constituents and their exchange 
with the atmosphere depends on the turbulent fluxes given by: 


F= pClU| (4 — Gout) (1) 


with qsurr the saturation vapour pressure mass mixing ratio (in kg kg!) at the 
considered surface temperature, q the mass mixing ratio in the atmosphere, p the 
air density, U the horizontal wind velocity at z, =5 m above the surface (0.5m s~}), 
and Cy the drag coefficient at 5m above the local surface set to 0.06. 

Since the ices may form solid solutions, to compute sur When N> ice is present 
we applied Raoult’s law considering the mixtures N3:CH4 and N2:CO with 0.5% of 
methane and 0.3% of CO respectively, as retrieved from telescopic observations!®. 

The modelled volatile cycles are slightly affected by the limited grid resolution. 

For instance, in Fig. 2b the ‘saw-tooth variations around L, = 200° are artefacts 
resulting from the sudden sublimation of latitudinal bands of methane ice on the 
low-resolution grid. 
Atmospheric horizontal ‘transport and effect of topography. To represent 
horizontal transport after surface exchanges, atmospheric species are mixed with 
an adjustable intensity, taking into account the effect of topography. For No, at each 
time step the surface pressure p, at altitude z is forced towards the global mean 
value by integrating the following equation: 
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with H the near-surface scale height (about 18 km), < > the planetary average 
operator, and 7y, the characteristic mixing timescale (in seconds). Similarly, for a 
trace species like CH4, the local mass mixing ratio q mixing is given by: 


(3) 
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On the basis of tests performed with the Pluto General Circulation Model? 
(see below), we set 71H, = 107s (about four terrestrial months), and TNz = 1s 
(instantaneous mixing). Note that adiabatic cooling inducing atmospheric 
condensation is not taken into account. 

Glacier flow modelling. In the modelled Sputnik Planitia basin, N2 tends to 
condense first where there is N> ice, essentially because the albedo difference 
between the ice and the substrate favours further condensation on the ice. 
Consequently, the ice tends to accumulate in only a fraction of the basin. In reality, 
massive N) ice deposits should flow like terrestrial glaciers’. This can affect the 
evolution of surface pressure, since a smaller surface of N) ice will be available for 
condensation and sublimation. To address this issue, we model the flow of N2 ice 
in the basin by redistributing it locally from a point with a large amount of ice to 
the nearest-neighbour points with less ice. We use a characteristic speed of 7cm 
per Pluto day (about 1 cm per terrestrial day), which allows the crater to be filled 
with ice after two Pluto years. 

The three-dimensional GCM used to tune the volatile transport model. The 
full three-dimensional GCM? will be described in detail elsewhere”. It is a three- 
dimensional atmospheric model which uses the same horizontal grid as does 
the two-dimensional volatile transport model used here, but with 25 layers in 
the vertical (starting at height 7 m, and reaching 250 km, with most of the levels 
in the first 15 km in order to obtain a good resolution close to the surface). In 
addition to the subsurface thermal conduction and surface volatile condensation 
and sublimation processes already used in the volatile-transport model described 
above, the following features are included: 


(1) A finite difference three-dimensional dynamical core to solve the primitive 
equation of meteorology. 

(2) A three-dimensional transport scheme to transport atmospheric species like 
CO gas and CH, gas and ice. 

(3) In the atmosphere, radiative heating and cooling is taken into account by 
computing the amount of CH, molecules, and cooling by the thermal infrared 
rotational lines of CO is taken into account by assuming a constant mixing ratio 
of 0.05%. 

(4) Turbulent mixing and convection in the boundary layer. 

(5) Atmospheric molecular thermal conduction and viscosity. 

(6) Atmospheric CH, condensation and transport of CH, ice cloud particles. 


Design of the reference simulations and comparison with observations. The 
simulations shown in Fig. 2a have been performed using an N> ice emissivity of 
0.8 and different N> ice albedo chosen to yield realistic pressure in 2015: An, =0.73 
for TI=500J s-¥* m-? K~}; Ay, =0.71 for TI=800J s-!? m-? K7}; Ay, =0.69 
for TI=1,500Js-)?m-?K7}. 

The observed CH, mixing ratios shown in Fig. 2b (error bars) are in the range 
0.38 + 0.06% (for 2008) and 0.34 + 0.06% (for 2012)! (E. Lellouch, personal 
communication), and CO mixing ratios are in the range 0.0515’); % (for 2010)! 
with 2c error bars. The central values of the CH, mixing ratios are computed from 
the weighted average of the values obtained from the different simulations in 
Lellouch et al.!°, by their own uncertainty. The error bar takes into account the 
dispersion between the central values and the noise uncertainty. 

Code availability. All model versions are freely available upon request by 
contacting EF. (forget@lmd.jussieu.fr). 
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Extended Data Figure 1 | Mars in mid-southern spring. This composite 
image shows the 7-km-deep, 2,000-km-wide deep Hellas Planitia impact 
basin covered by seasonal CO, ice. The physical processes that favour 

the condensation of the CO, atmosphere at the bottom of the Hellas 
basin is the same as for Pluto’s Nz atmosphere in Sputnik Planitia. In both 
basins, surface pressures are larger than in the surrounding regions and 
condensation temperatures T- are higher. This corresponds to a stronger 


thermal infrared cooling (proportional to T."), which is balanced by 

a proportionally more intense condensation rate (latent heat). Images 
obtained by the Mars Global Surveyor Mars Orbiter Camera in November 
2006, at solar longitude (the Mars-Sun angle, measured from the Northern 
Hemisphere spring equinox where L, = 0°) L, = 137° (image credit NASA/ 
JPL/MSSS; http://photojournal.jpl.nasa.gov/catalog/PIA01888). 
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Extended Data Figure 2 | Evolution of surface pressure during the first 15,000 Earth years of the reference simulation (same as Fig. 1). At least 
10,000 Earth years are necessary to equilibrate the N; ice in the basin and obtain a year-to-year repetitive pattern of surface pressure. 
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Reorientation and faulting of Pluto due to volatile 
loading within Sputnik Planitia 


James T. Keane!, Isamu Matsuyama!, Shunichi Kamata? & Jordan K. Steckloff** 


Pluto is an astoundingly diverse, geologically dynamic world. 
The dominant feature is Sputnik Planitia—a tear-drop-shaped 
topographic depression approximately 1,000 kilometres in diameter 
possibly representing an ancient impact basin”. The interior 
of Sputnik Planitia is characterized by a smooth, craterless plain 
three to four kilometres beneath the surrounding rugged uplands, 
and represents the surface of a massive unit of actively convecting 
volatile ices (N>, CH, and CO) several kilometres thick!">. This large 
feature is very near the Pluto-Charon tidal axis. Here we report 
that the location of Sputnik Planitia is the natural consequence of 
the sequestration of volatile ices within the basin and the resulting 
reorientation (true polar wander) of Pluto. Loading of volatile ices 
within a basin the size of Sputnik Planitia can substantially alter 
Pluto’s inertia tensor, resulting in a reorientation of the dwarf planet 
of around 60 degrees with respect to the rotational and tidal axes. 
The combination of this reorientation, loading and global expansion 
due to the freezing of a possible subsurface ocean generates stresses 
within the planet’s lithosphere, resulting in a global network of 
extensional faults that closely replicate the observed fault networks 
on Pluto. Sputnik Planitia probably formed northwest of its present 
location, and was loaded with volatiles over million-year timescales 
as a result of volatile transport cycles on Pluto’. Pluto’s past, present 
and future orientation is controlled by feedbacks between volatile 
sublimation and condensation, changing insolation conditions and 
Pluto’s interior structure. 

Centred at 176° E, 24° N, Sputnik Planitia is close to the Pluto-Charon 
tidal axis (Fig. 1). The alignment of large geologic features with the 
principal axes of inertia is the hallmark of true polar wander’ (TPW). 
Ina minimum energy state, planets align their minimum (maximum) 
principal axis of inertia with the tidal (spin) axis. TPW occurs when 
mass is redistributed within the planet and the geographic locations of 
these axes change. To remain in a minimum energy state, the planet 
reorients to realign these principal axes with the tidal/spin axes. Notable 
examples of planetary TPW include: the reorientation of Enceladus to 
place the plume-producing tiger stripes at the south pole"; the reori- 
entation of Mars to place the Tharsis volcanic rise at the equator!!; and 
the reorientation of the Moon to place the South Pole—Aitken impact 
basin near the south pole”? (see ref. 8 for a review). How a planet reor- 
ients is controlled by the feature’s mass anomaly, Q’, which is quantified 
sP'/TR* (where J$°" is 
the degree-2 zonal spherical harmonic gravity coefficient of Sputnik 
Planitia when centred at Pluto’s north pole and J} is the degree-2 zonal 
spherical harmonic gravity coefficient of Pluto’s remnant figure; 
Methods). In the absence of a remnant figure, positive (negative) mass 
anomalies will reorient the planet to align with the tidal (spin) axis. The 
proximity of Sputnik Planitia to Pluto’s tidal axis suggests that it is a 
positive mass anomaly. 

TPW is counteracted by the planet’s non-hydrostatic, elastically 
supported tidal-rotational bulge, which can preserve a previous tidal- 
rotational potential—a remnant figure. At present, no bulge (remnant 


in terms of degree-2 gravity coefficients: Q’ = — 


or otherwise) has been observed at Pluto!’. In the absence of meas- 
urements of Pluto’s figure, we constructed a four-layer model of Pluto 
using viscoelastic Love number theory", using Pluto’s mass and radius 
as constraints. Our nominal Pluto model consists of a silicate-rich core 
and a liquid water ocean overlaid by an H,O-rich weak crust and elastic 
lithosphere (Methods). 

Using our Pluto model, we evaluate how Pluto would reorient in 
response to the formation of Sputnik Planitia. The mass anomaly of 
Sputnik Planitia depends on its presumed density structure. Although 
topographic depressions are negative mass anomalies, impact basins 
(as Sputnik Planitia is hypothesized to be on the basis of its quasi- 
circular shape”) have stochastic mass anomalies owing to the com- 
plicated density structures that formed during the impact process!*15 
(Extended Data Fig. 1). Unavoidable impact basin components, such as 
ejecta blankets, can substantially offset the negative mass anomaly of the 
topographic depression (Extended Data Figs 2, 3). We remain agnostic 
as to the true structure of the Sputnik Planitia basin, and provide 
relationships that link Q’ to the thickness of ice within the basin for 
several different simple basin structures (Fig. 2b-e, Extended Data 
Figs 1-3, Methods). 

With these assumptions, we determined the possible initial locations 
of Sputnik Planitia as a function of Q’. We self-consistently adjusted 
Q’ to account for the flexural response of Pluto’ elastic lithosphere, 
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Figure 1 | Geometry of Sputnik Planitia in the Pluto-Charon system. 
Orthographic spherical projections of Pluto and Charon (to scale), with 
Sputnik Planitia and the principal axes of inertia labelled. Base map: 
NASA/Johns Hopkins University Applied Physics Laboratory/Southwest 
Research Institute. 
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Figure 2 | True polar wander solutions for Sputnik Planitia and the 
resulting tectonic patterns. a, The possible initial locations of Sputnik 
Planitia before reorientation with respect to the principal axes of the 
remnant figure, as a function of Q’. b-f, Q’ as a function of volatile 
thickness (b) for four idealized models of Sputnik Planitia (c-f). 

c, Volatiles on the surface (equivalent to volatiles loading a basin with 
Q’'=0). d, Volatiles filling an uncompensated basin. e, Volatiles filling 
an uncompensated impact basin surrounded by an ejecta blanket. 

f, Volatiles filling an impact basin that was initially compensated by an 
uplift in the subsurface ocean"®. g, h, Tectonic features mapped in 
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publicly available New Horizons imagery. Base map: NASA/Johns Hopkins 
University Applied Physics Laboratory/Southwest Research Institute. 
Faults are coloured by azimuth, and the line width corresponds to our 
certainty in the nature of fault: thick (thin) lines are unambiguously 
(possible) faults. i, j, Best-fitting predicted tectonic pattern resulting 

from global expansion, loading and a large TPW event. k, Binned misfit 
between observed and predicted fault azimuths (following the procedure 
used in ref. 19). Each line represents a different tectonic model (Extended 
Data Fig. 5; Methods). Large TPW solutions provide the best match to the 
observed distribution of faults. 
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which effectively increases the ice thickness that is required to pro- 
duce a given reorientation. We performed a parameter space search— 
placing models of Sputnik Planitia with varying Q’ values across 
the entire surface of Pluto and evaluating how Pluto reoriented in 
response. Contours in Fig. 2a bound the initial locations of Sputnik 
Planitia (as a function of Q’) that reoriented Pluto to place Sputnik 
Planitia within 5° of its present location. Several key observations can 
be made from this figure. First, Sputnik Planitia could not have formed 
in any random location; the initial positions are limited to regions of 
a single quadrant of the northern, anti-Charon side of Pluto. This 
arises from energy constraints during single-episode TPW that pro- 
hibit the perturbing anomaly from crossing latitude and longitude 
lines of the remnant figure’s principal axes. Within this quadrant, 
the available initial conditions are further constrained, as Sputnik 
Planitia is not exactly at the tidal axis. Second, the parameter space 
overwhelmingly favours positive Q’ values (Extended Data Fig. 4). 
Q’ is constrained to be between —0.3 and 1.8. This reveals that Sputnik 
Planitia is not a purely uncompensated topographic depression, as 
such a feature would have Q’ = —4 (Fig. 2b, d), which would com- 
pletely overwhelm Pluto’s remnant figure and reorient Sputnik Planitia 
to the north pole. Ices alone are not sufficient to cancel out this neg- 
ative anomaly, as it would require an untenable volume of ice within 
Sputnik Planitia (>100 km; Fig. 2b, d). Instead, some combination of 
ice and basin structure (for example, an ejecta blanket (Fig. 2b, e) or 
uplift of the subsurface ocean’® (Fig. 2b, f)) is required for Sputnik 
Planitia to be at its present location. Third, depending on the presumed 
structure of Sputnik Planitia, the required ice thicknesses range from 
0 to 10 km (Fig. 2b-f, Extended Data Fig. 3, Methods), which is 
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consistent with previous estimates of ice thickness within Sputnik 
Planitia that are based on inferences of basin geometry’, isostasy 
of mountain-sized HO icebergs floating in Sputnik Planitia, and 
modelling of solid-state convection of ice within Sputnik Planitia*». 
Finally, there are two families of TPW solutions: ‘large’ solutions, 
where Sputnik Planitia started northwest of its present location; and 
‘small’ solutions, where Sputnik Planitia started north of its present 
location (Extended Data Fig. 4a, b). Large TPW solutions occur when 
the intermediate and minimum principal axes of inertia swap (hence 
the minimum Q’ value for large TPW solutions, which are related to 
the moment differences). 

As a planet reorients, each surface location experiences a change 
in the tidal rotational potential. This builds stress in the lithosphere, 
eventually resulting in faults with a characteristic global pattern’’. 
Pluto possesses a global non-random system of extensional faults!” 
(Fig. 2g, h). The lack of observed compressional or translational faults 
probably reflects global expansion due to the freezing of a subsur- 
face ocean'®. Using our initial locations of Sputnik Planitia (Fig. 2a), 
we calculated the tectonic patterns for a range of possible TPW sce- 
narios, including the effects of reorientation, global expansion and 
loading of ice within Sputnik Planitia (Methods). Figure 2i, j shows 
our best-fitting TPW solution. Proximal to Sputnik Planitia, faults 
are quasi-radial, primarily from loading stresses. Distal to Sputnik 
Planitia, TPW stresses dominate and the orientations of the faults 
change. The predicted tectonic patterns are not strongly sensitive to 
the bulk properties of Pluto, but are sensitive to the initial location, 
size and thickness of ice within Sputnik Planitia (Extended Data 
Fig. 5). We quantified how well our predicted fault geometries fit by 
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Figure 3 | Insolation patterns and volatile-driven TPW of Pluto. 

a, Orthographic spherical projection of Pluto, highlighting the latitudinal 
trends in albedo and volatile content. Base map: NASA/Johns Hopkins 
University Applied Physics Laboratory/Southwest Research Institute. 

b, Insolation as a function of time on Pluto. Coloured lines denote average 
insolation over one Pluto day; black lines denote the minimum, maximum 
and mean over one Pluto year. c, Variations in annual minima, maxima and 
mean insolation over 2 Myr. d-h, A simple model of our proposed volatile- 
induced reorientation of Pluto, where an equivalent global layer of 200m 
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Longitude 


of volatile ice is transferred from the poles to Sputnik Planitia (assuming 
the underlying basin has Q’ = 0, as in Fig. 2b, c) for various ice loadings 
from 0km to 6.1 km in thickness. Sputnik Planitia initially formed at higher 
latitude, northwest of its present location. As volatiles migrate into Sputnik 
Planitia from other cold traps, Pluto reorients and fractures (see Extended 
Data Fig. 6, Supplementary Videos 1-3 and Methods). i, The latitude and 
longitude of Sputnik Planitia are shown as a function of the thickness of ice 
within the basin. If volatiles continue to migrate into Sputnik Planitia, Pluto 
will continue to reorient towards the tidal axis. 
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measuring the difference between the observed and predicted fault 
azimuths’ (Fig. 2k). Large TPW solutions yielded the best fit to the 
observed fault distribution and are marginally better than small TPW 
solutions. The observed fault geometry is inconsistent with global 
expansion, de-spinning or orbit migration”’ alone (Extended Data 
Fig. 5). We do not accurately predict the locations of the Sun Wukong 
Fossae (SWF) and ‘spider’ fault network east of Sputnik Planitia. 
Although our model does predict the confluence of eastward- and 
northward-trending faults at some distance from Sputnik Planitia (as 
demonstrated by the accurate fitting of faults west of Sputnik Planitia), 
the SWE and ‘spider’ are westward of the predicted eastern transition. 
This difference may be due to oversimplifications in our model geom- 
etry of Sputnik Planitia, inhomogeneity in the lithosphere, or faulting 
during different stress conditions (Extended Data Fig. 6). Nonetheless, 
TPW, loading and global expansion provide the most comprehensive 
single explanation for the global pattern of faults on Pluto. 

If ice loading within Sputnik Planitia drove TPW, then this suggests a 
feedback between the planet’s volatile cycle and rotational stability. Such 
a feedback was previously discounted on the basis of Pluto’ insolation 
geometry”'. Pluto's large obliquity (122°) means that the equator 
receives less insolation than the poles?” (Fig. 3b, c). Therefore, one 
might expect volatiles to accumulate at Pluto’s equator, building a stabi- 
lizing equatorial bulge and inhibiting TPW7!. However, while Pluto's 
equator receives less insolation, it is never the coldest part of the planet 
(Fig. 3b, c). Pluto's poles oscillate seasonally between long polar nights, 
and if volatiles are sufficiently mobile the poles may still be the pre- 
ferred sites for volatile deposition’”*. This may explain why volatiles 
are found preferentially at higher latitudes on Pluto? (Fig. 3a). Our 
TPW solutions suggest that Sputnik Planitia formed at higher latitudes 
in these regions of enhanced seasonal volatile deposition. We posit 
that Sputnik Planitia is a cold trap (see Methods), and over time it 
accreted a large fraction of Pluto’s volatile reservoir, driving reorienta- 
tion (Fig. 3d-h). The final location of Sputnik Planitia is set by Pluto’s 
total volatile reservoir, the remnant figure and the feedback between 
TPW and volatile stability within Sputnik Planitia. The proximity of 
Sputnik Planitia to the latitude of minimum mean insolation” (Fig. 3b) 
may be evidence that a TPW-volatile stability feedback is active. If vol- 
atiles migrate into and out of Sputnik Planitia on seasonal timescales, 
then Pluto may experience small-amplitude wobbles akin to Earth's 
annual, atmospheric-pressure-driven wobbles” (see Methods). Similar 
volatile-driven reorientation feedbacks may be important for continued 
geologic activity on other large Kuiper belt objects and planetary bodies 
with large reservoirs of mobile volatiles. 


Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper. 
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METHODS 
Could Sputnik Planitia be at the tidal axis by chance? To assess whether the 
alignment of Sputnik Planitia and the tidal axis is due to chance, we generated a 
large number (N > 100,000) of points on the surface of a unit sphere. The latitude, 
6, and longitude, y, of a randomly positioned point on a sphere can be written as 
6=cos~1(2u—1) and y=2nv, where u and v are random numbers spanning 0 and 
1. We calculated the great-circle distance between each individual random point 
and the three nearest surface expressions of the three principal axes of inertia. 
Extended Data Fig. 7 shows the cumulative probability of a point being a certain 
angular distance away from one particular principal axis (for example, the tidal 
axis) in blue. The cumulative probability of a point being near one of two particular 
principal axes (for example, the tidal or spin axes) is orange. The cumulative prob- 
ability of a point being near any one of the three principal axes is yellow. A simpler 
geometric method for calculating the probability of Sputnik Planitia being within 
angular distance, 7, of any single principal axis (blue line in Extended Data Fig. 7) 
involves taking the ratio of the area of two spherical caps with radius 7 to the total 
surface area of the sphere. With this method, the probability is simply 1 — cos(7). 
We determined the centre of Sputnik Planitia by fitting it to a small circle using 
the available global map of Pluto (Fig. 1). Using this technique, we found a centre 
of 176° E, 24° N, which is around 24° away from the tidal axis. There is a proba- 
bility of about 9% that Sputnik Planitia is this close to the tidal axis (either at the 
anti-Charon point or at the sub-Charon point), and an approximately 26% chance 
that Sputnik Planitia would be close to any one of the principal axes. The authors 
of ref. 16 fitted Sputnik Planitia to an ellipse, and found a centre closer to the tidal 
axis, resulting in correspondingly smaller probabilities. 
Predicted shape and gravity field of Pluto. We follow the notation of ref. 8, and 
describe Pluto’s gravity field and shape in terms of spherical harmonic coefficients. 
However, an important correction must be made when investigating the tidal defor- 
mation of Pluto due to Charon. It is normally assumed that the perturbing body has 
amass that is much larger than that of the deforming body (for example, Jupiter is 
much more massive than Europa). However, if the mass of the perturbing body is 
comparable to, or smaller than, the mass of the larger body (as is the case for Charon 
acting on Pluto), many of the gravity and shape equations must be augmented. 
Ignoring TPW, the hydrostatic, non-zero degree-2 spherical harmonic gravity 
coefficients, C29 (also commonly written as J>) and Cz», can be written as: 
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where q is defined as q = ({27R3)/(GM), is the rotation rate of Pluto/Charon, 
M is the mass of Pluto, Mc is the mass of Charon, G is the gravitational constant 
and ka is the degree-2 long-term tidal Love number for the case without an elastic 
lithosphere. Love numbers (potential Love number ky and displacement Love 
numbers h2 and £,) describe the response of a planet to the perturbing potential. 
Ignoring any contribution from TPW: 
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Note that this ratio is independent of the interior structure, and if Mc >> M (as is 
commonly assumed for tidally deformed planetary satellites) then J”? /C r= 
10/3 = 3.3. For Pluto, J3'Y°/C}3? = 14.3. 

Ignoring TPW, the radial displacement due to hydrostatic rotational and tidal 
deformation can be written: 
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where R is the radius of Pluto, hh’ is the degree-2 long-term tidal displacement 
Love number for the case without an elastic lithosphere and Pz, is the degree-2 
order-0 unnormalized associated Legendre function”®. The corresponding oblate- 
ness for Pluto is: 
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For our nominal Pluto interior structure model, ny’ = 1.773, and so the oblateness 
is 2.93 x 10-4. The maximum possible oblateness would occur if Pluto were a 
uniform, hydrostatic fluid (nt! = 5/2), corresponding to an oblateness of 
4.13 x 1074. The New Horizons upper limit for Pluto’s oblateness is an order of 
magnitude larger than either of these values!’. 

The inertia tensor of Pluto and TPW. TPW solutions can be found by diagonal- 
izing the non-equilibrium inertia tensor. We follow ref. 8 to compute this inertia 
tensor, with the aforementioned modifications to account for the small Mc with 
respect to M. Ignoring the spherically symmetric contributions (which do not con- 
trol orientation of a planet), the non-equilibrium inertia tensor can be written as: 
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where the first bracketed term is the contribution from loading in Sputnik Planitia, 
the second bracketed term is the rotational deformation and the final term is the 
tidal deformation. Together, the last two bracketed terms represent the rotational 
and tidal components of the remnant figure; 6; is the Kronecker delta function, 
and é°?, 8’ and é" are unit vectors describing the centre of Sputnik Planitia, the 
initial rotation pole and the initial tidal pole (sub-Charon point), respectively. For 
example, if the spherical coordinates of Sputnik Planitia are (Asp, sp), then 
é? — (sinOspcosysp, sinOspsin sp, CosOsp). ky is the degree-2 loading Love number. 
All Love numbers here are the long-term Love numbers, or so-called fluid Love 
numbers. Cy is the unnormalized degree-2 gravity coefficient of Sputnik Planitia 
for the case when it is centred at the north pole. Assuming an axisymmetric load 
with surface density o and angular radius y: 
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where J; =— C),9. Because the remnant figure provides stabilization against TPW, 


it is useful to define a normalized load size: 
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where Ch is the unnormalized degree-2 zonal gravity coefficient associated with 
Pluto’s remnant figure, which can be derived from converting the inertia tensor of 
the remnant figure into spherical gravity coefficients*’. Note that this normaliza- 
tion is different from the one used in refs 8 and 16 because it includes both the 
rotational and tidal deformation contributions to the remnant figure (hence our 
use of Q’ instead of Q). Q' is related to Q by: 


For the case of Pluto and Charon, the factor in front of Q’ is 1.16. With this normal- 
ization, TPW solutions can be found by diagonalizing the normalized, non-equi- 
librium inertia tensor: 
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The interior structure dependence is described by the Love numbers factor 
(1 + k5) / (k2" - k3) in the definition of Q’. Both the numerator and denominator 


of this factor are sensitive to the interior structure, but this dependence almost 
disappears when the ratio is used. This is shown clearly in Extended Data Fig. 5k, 
and further enhances the robustness of our solutions. 

We compute the long-term Love numbers by solving the mass, momentum and 
Poisson equations for the deformation of a spherically symmetric, non-rotating, 
elastic and isotropic body!*”®°. As discussed in the main text, we considered a 
four-layer interior structure model, consisting of a silicate-rich solid core (density: 
3.36¢ cm~?; radius: 858 km), liquid water ocean (density: 1.0 g cm; thickness: 
10km), overlaid by a two-layer water-ice mantle (density: 0.95 g cm +; thickness: 
320 km). The ice mantle is comprised of a weak, viscous lower mantle, beneath an 
elastic lithosphere of varying elastic thickness (0-70 km), rigidity (3.49 GPa) and 
bulk modulus (9.3 GPa) (ref. 30). The long-term Love numbers can be computed 
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by considering the infinite time limit. Alternatively, these Love numbers can be 
computed by assuming that all regions, with the exception of the elastic litho- 
sphere, are inviscid. For simplicity, we assume infinite viscosity in all layers, zero 
frequency dependence and that only the upper mantle is elastic (all common 
assumptions). Love numbers decrease as the elastic thickness or rigidity of the 
lithosphere decrease. For our nominal interior structure with elastic thicknesses 
spanning 0 to 70km, k3 spans 0.7653 to 0.4682; k} spans —0.9856 to —0.4500. 
Similarly, the tidal displacement Love numbers, hy and £,, can be evaluated. Over 
the same span in elastic thickness, hy spans 1.7509 to 0.9182; hy spans —3.2230 
to —1.7345; 3 spans 0.4374 to 0.9182; and ¢} spans —0.7847 to —0.3858. Our 
Love numbers differ slightly from those of ref. 16, primarily owing to different 
assumptions about the core structure. Our results are not strongly sensitive to 
assumed Love numbers and interior structure. 

Tectonics patterns due to global expansion, TPW and loading of Sputnik 
Planitia. Following ref. 30, the stresses on the surface of a planet due to a gen- 
eralized displacement d= (d,, do, d,) in spherical coordinates can be written: 
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where we assume a compressible interior, and j1 and \ are the Lamé parameters. 
Note that 7,,=0 for displacements due to rotational or tidal deformation. 

From the previous equations, the isotropic stress due to an isotropic radius 
change, 5R, can be written as: 
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where E and vare the elastic modulus and Poisson’s ratio, respectively. 
The displacement due to rotational and tidal deformation associated with TPW 
can be written as: 
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where U' and U are the initial (pre-TPW) and final (post-TPW) gravitational 
potentials, respectively. Y),,,,; are the spherical surface harmonics: 
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where / and mare the spherical harmonic degree and order, respectively. The grav- 
itational potential expansion coefficients are: 
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where (h, vr) and (of , yy) are the spherical coordinates of the final rotation pole 
and the tidal pole (sub-Charon point), respectively. (Op, Pp) and (6;, Py) are the 
spherical coordinates of the initial rotation pole and tidal pole (sub-Charon point). 
2,and Qare the initial and final rotation rates. 
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The displacement due to mass loading in Sputnik Planitia can be written as: 
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Assuming an axisymmetric load, the gravitational potential expansion coefficients are: 
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and the radial stress due to mass loading in Sputnik Planitia can be written as: 
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where gis the surface gravity of Pluto (g=GM/R’). 

Tectonics patterns are derived from the eigenvalue of the local stress tensor*', 

which can be constructed by summing all stress components mentioned above. 
Normal faulting is perpendicular to the maximum principal stress. 
Rotational stability of Pluto. If volatiles tend to accumulate at Pluto’s north and 
south poles, this may make Pluto more susceptible to polar wander than previously 
expected’!. As a polar ice cap grows in mass, it effectively reduces the dynamical 
flattening of the planet. Once the polar caps exceed the tidal rotational flattening, 
the maximum and intermediate principal axes of inertia will swap—reorienting 
Pluto by 90° around the tidal axis, placing the former polar cap on the intermediate 
principal axis of inertia (the orbital axis at (90° E, 0° N) or (270° E, 0° N) as in 
Fig. 1). If we assume that volatiles are sequestered into two 60°-radius polar caps, 
with ice densities of 1g cm~3, then this rotational stability limit occurs when the 
ice caps reach a thickness of around 180 m (equivalent to a global layer of around 
90 m). This calculation assumes that the polar ice caps can be partially compensated 
by lithospheric flexure. If caps are not partially supported (or if they are constructed 
more rapidly than the lithosphere can adjust), then the threshold is smaller: about 
80 m (equivalent to a global layer of about 40 m). Note that the total volume of ice 
required within these ‘destabilizing’ ice caps is comparable to the expected volume 
of volatile ice within Sputnik Planitia. 

If polar ice caps can grow large enough to destabilize Pluto, they would result 

in substantially different tectonic patterns—perhaps akin to ‘crop-circle’ faults on 
Europa, which are hypothesized to result from a similar style of reorientation” 
(albeit due to differential crustal thickening, and not surface volatile transport). 
The lack of such an observed tectonic pattern may suggest that this style of reori- 
entation has not occurred on Pluto. Perhaps the volatile reservoir on Pluto is too 
small to build such a polar cap, or the remnant figure is larger. Although Pluto’s 
polar regions are indeed rich in volatiles*, the thickness of volatiles and their 
compensation state are unclear. Some eroded mantled terrains in the northern 
uplands have thicknesses of approximately 1 km (ref. 2). If these deposits ever 
covered large fractions of polar regions, they would easily destabilize Pluto. If 
polar volatiles are sufficiently mobile, then it is conceivable that they may adjust 
to changes in the planet's insolation conditions faster than the planet can reorient. 
In such a case, polar volatiles would act more similarly to a hydrostatic tidal 
rotational bulge, and may not be capable of controlling the planet’s orientation 
over long timescales. 
Sputnik Planitia as a cold trap. As Sputnik Planitia is a large topographic low, and 
there is no observed troposphere on Pluto* (that is, temperature decreases with 
altitude on Pluto), we posit that Sputnik Planitia is an intrinsic cold trap. Other 
factors may contribute to Sputnik Planitia being a cold trap, such as atmospheric 
circulation in response to its topography or intrinsic albedo variations associated 
with the underlying basin. This hypothesis is explored in detail in ref. 34. Over 
time, scattered volatile ice deposits should migrate into one large deposit (Sputnik 
Planitia) owing to lower-albedo terrains that surround the higher-albedo ice. 
The darker terrains have higher surface temperatures, resulting in an enhance- 
ment of volatile ice sublimation from the margins of the ice deposits. Thus, 
if ice condensation is constant across the interiors of multiple ice sheets, then 
smaller ice sheets experience a larger fractional loss of ice from their margins, 
resulting in their eventual disappearance and atmospheric transport of their volatile 
content to a single dominant ice deposit (a process we term ‘oligarchic growth of 
cold traps). 

If reorientation is controlled by the accumulation of volatiles within Sputnik 
Planitia, then the approximate reorientation timescale can be estimated from the 
time required to fill Sputnik Planitia with volatiles. From Fig. 2b and Extended Data 
Fig. 3, the typical volatile ice thicknesses required to drive reorientation are around 
5 km. Following ref. 35, it would take approximately 5 million years to grow a 5km 
N; ice cap given Pluto's present average atmospheric pressure and temperature®’. 
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Similar timescales can be estimated by considering sublimation mass fluxes due 
to seasonal differences in insolation’. 

Seasonal wobbles of Pluto due to mass transport into and out of Sputnik 
Planitia. If volatiles migrate into and out of Sputnik Planitia on seasonal timescales, 
then one may expect corresponding small-scale oscillations in the planet's principal 
axes of inertia. These small-amplitude wobbles would be analogous to atmospheric- 
pressure-driven wobbles on Earth”®. Extended Data Fig. 8a, b shows how Pluto's 
minimum and maximum principal axes of inertia would change orientation in 
response to small changes in the thickness of volatile ices within Sputnik Planitia. 
If these changes occurred seasonally, then Pluto would not have time to damp the 
tidal rotational energy (TPW timescales are generally of the order of millions of 
years), and the principal axes would wobble about the tidal and rotational axes”>*°, 
Ina reference frame fixed to Pluto, such wobbles would result in apparent motions 
of Pluto in the sky (even though Pluto and Charon would remain in almost perfect 
double synchronous spin-orbit lock). Such motions would result in tidal heating 
very similar to obliquity and/or libration tides, which can be important for the 
heat budget of icy satellites*”. Because these wobbles are driven by the continual 
sublimation and redeposition of volatiles on Pluto, they may be persistent, resulting 
in small but continual amounts of extra heating within Pluto. 

The amount of heat generated from these postulated seasonal wobbles can be 
estimated by determining the change in rotational kinetic energy in response to 
the transport of ice into and out of Sputnik Planitia. Rotational kinetic energy, 
KE, is related to the planet’s spin vector, w, and its inertia tensor, I: KE=w! Iw. 
For Pluto’s current rotation rate (6.39 Earth days), and typical assumptions of 
Pluto’s figure and moments of inertia (described above), Pluto’ rotational kinetic 
energy is about 4.7 x 10°? J. Adding or removing one metre of ice (approximately 
the amount of ice transported seasonally across Pluto’) from Sputnik Planitia 
changes this rotational kinetic energy by approximately 10!” J (assuming the rota- 
tion rate remains unchanged) (Extended Data Fig. 8c). Assuming this occurs over 
one Pluto year (248 Earth years), this translates into a heat production rate of 
5 x 107Js-!. This is approximately 1/1,000 of the present-day radiogenic heating 
expected within Pluto**. Although the expected heat production rate is low, this 
heat may be released closer to the surface (for example, localized in crustal faults), 
whereas radiogenic heating is probably concentrated within Pluto’s silicate core, 
deep beneath the surface. Future work will need to quantify the mechanics and 
efficacy of this ‘wobble-heating’ process in more detail. 

The magnitude and geometry of any such wobbles depend on both the amount 

of material being transported and the differences between Pluto's moments of 
inertia (equivalently, its degree-2 spherical harmonic gravity coefficients”’). 
If the TPW hypothesis for Sputnik Planitia is correct, then Pluto’s present-day 
degree-2 gravity has some contributions from Sputnik Planitia and Pluto's reor- 
iented remnant figures. The exact values depend on the proposed reorientation 
event. Extended Data Fig. 8d-f shows predicted, present-day spherical harmonic 
gravity coefficients for the reorientation geometries summarized in Fig. 2a. Future 
measurement of degree-2 gravity of Pluto, be it from spacecraft or remote obser- 
vations of wobbles, may further constrain which TPW models for Sputnik Planitia 
are viable. 
Other geologic evidence for reorientation. Sublimation often creates geologic 
features that align north-south. Although several terrains on Pluto are character- 
ized by elongated, plausibly sublimation-driven landforms (for example, pitted 
uplands and the bladed terrain of Tartarus Dorsa), not all align north-south. The 
washboard terrain northwest of Sputnik Planitia is characterized by parallel ridges 
and troughs that trend southwest-northeast’. In our pre-TPW view of Pluto, these 
features become aligned north-south (Extended Data Fig. 4a, b). Relative age-dating 
of these features and other sublimation structures may provide constraints on the 
timing of the formation of Sputnik Planitia. 

If the reorientation of Pluto was due to the gradual infill of volatiles within 
Sputnik Planitia (as in Fig. 3d-i), then the stress and tectonic patterns may also 
change gradually with time. The time evolution of the tectonic patterns predicted 
by our simple reorientation model (Fig. 3d-i) are shown in Extended Data Fig. 6 
and Supplementary Videos 1-3. A nearly ubiquitous result in these tectonic mod- 
els is that at a certain distance away from Sputnik Planitia, faults transition from 
being quasi-radial to Sputnik Planitia to quasi-azimuthal. This transition marks a 
change in the dominant source of stress; loading stresses dominate near Sputnik 
Planitia, whereas reorientation stresses dominate far away. We use this transition 
as evidence of the reorientation to explain the sharp change in fault azimuths 
observed on Pluto (Fig. 2g-k). Curiously, the location of this transition changes as 
a function of the loading within Sputnik Planitia in these time-sequence models. 
In particular, the transition moves progressively further away from Sputnik Planitia 
as it is filled with volatiles (Extended Data Fig. 6a-f). Eventually, for very thick 
deposits within Sputnik Planitia, the loading stresses dominate reorientation 
stresses globally (Extended Data Fig. 6g, h). This change in stress field with time 
may be recorded in the cross-cutting relationships of faults on Pluto. For example, 


we may predict that within the faults far from Sputnik Planitia (Djanggawul and 
the ‘spider’), faults closer to Sputnik Planitia will be older, and may be cross-cut 
by faults radial to Sputnik Planitia. Further geologic mapping of Pluto (even in 
regions far from Sputnik Planitia), may provide valuable insight into the nature 
and origin of Sputnik Planitia. 

The mass anomaly and underlying structure of Sputnik Planitia. As noted in 
the main text, the mass anomaly from a 3-km-deep, uncompensated topographic 
depression has a mass anomaly of Q/ = —4.14 (Fig. 2b), which is too large and 
negative for Sputnik Planitia to be at its present location. Sputnik Planitia must 
have a mass anomaly between —0.3 and 1.8 to be at its present location. With 
Q’ =—4.14, Sputnik Planitia would reorient almost completely to the north pole. 
Adding volatiles into the basin (while maintaining a 3-km-deep basin) reduces 
the mass anomaly of the basin. However, for typical values for the density of the 
Pluto’s ice-rich crust (930kg m~°) and the predominantly N> volatile ice within 
the basin (1,000 kg m_°), the thickness required to give —0.3 < Q’< 1.8 is well 
above the estimated thickness of the volatile ice (<10km; refs 2, 4, 5). Although 
decreasing the density of the crust and increasing the density of the volatile infill 
can reduce the required thickness (Extended Data Fig. 3b), it is difficult (it would 
require a very dense volatile infill and extremely low-density crust). Thus, for 
Sputnik Planitia to be at its present location, the underlying basin must at least be 
partially compensated. 

If Sputnik Planitia is an impact basin, then there are several processes that could 
plausibly compensate for the mass anomaly associated with the topographic depres- 
sion. These processes can include mantle uplift, isostatic adjustment of the basin and 
surrounding terrains, cooling and contraction of impact melt, changes in porosity 
and the emplacement of ejecta!®. On the Moon and other terrestrial planets, 
these processes often give impact basins stochastically positive and negative total 
mass anomalies, despite being topographic lows (Extended Data Fig. 1; ref. 12). 
Even if impact processes on icy planets and satellites are somehow fundamentally 
different than those on their terrestrial counterparts, unavoidable components 
such as ejecta blankets can considerably offset the negative mass anomaly from 
the topographic depression. This may be why large impact basins on other icy 
bodies do not always result in poleward reorientation (for example, Herschel on 
Mimas!’). As an example, the reorientation of the Moon due to the formation of 
the South Pole-Aitken impact basin was more strongly controlled not by the basin 
itself, but by the deposition of a thick ejecta blanket on the far side of the Moon’?””. 

Extended Data Fig. 3 showcases four possible simple structures for the 
Sputnik Planitia basin, and their impact on its total mass anomaly. The first 
model (Extended Data Fig. 3a) looks at volatiles loading an underlying basin 
that has an intrinsic mass anomaly of Q’ = 0, which is dynamically equiva- 
lent to volatiles loading the surface of the planet. Since the Q’ value of mass 
anomalies on other planets is seemingly random (Extended Data Fig. 1; 
ref, 12), this model serves as our null hypothesis, and is what we use to estimate 
ice thicknesses for loading and tectonic calculations. The second model 
(Extended Data Fig. 3b) considers ice filling a basin of fixed depth, and is already 
discussed above. The third model (Extended Data Fig. 3c) is a simple impact 
basin model (based on ref. 40) consisting of ice filling a basin of fixed depth, 
surrounded by an ejecta blanket with a total volume set by the total amount 
of material excavated from within the basin. The final model (Extended Data 
Fig. 4d) consists of a basin that is initially isostatically compensated by an uplift 
in a subsurface ocean, and subsequently filled with volatiles. This final model is 
examined more thoroughly in refs 16 and 41. Additional models can be constructed 
by summing components from the mass anomaly menu in Extended Data Fig. 2. 

The inclusion of an ejecta blanket substantially offsets the mass anomaly asso- 
ciated with the topographic low of the Sputnik Planitia basin—from Q’~ —4 to 
Q' = —2 (Fig. 2b, Extended Data Fig. 3c). This is still too negative for Sputnik 
Planitia to be at its present location (requiring 0.3 < Q’ < 1.8). Thus, like the model 
without ejecta (Extended Data Fig. 3b), this then requires that Sputnik Planitia 
must have some extra positive mass anomaly contributing to its total mass anom- 
aly. However, including impact ejecta enables the volatiles within the basin to 
play a much larger role in the total mass anomaly for three reasons. First, adding 
an ejecta blanket changes the depth of the basin with respect to the mean radius 
of Pluto; we assume that the depth of the basin is measured with respect to the 
crater rim. Second, by reducing the mass anomaly of the underlying basin, it 
reduces the amount of volatiles required within the basin to reach an accept- 
able Q’ value. Lastly, as the thickness of the volatiles within the basin increases, 
the total excavated volume of Sputnik Planitia increases, thus increasing the 
thickness of ejecta blanket. This results in steeper curves for Q’ as a function of 
volatile ice thickness in Extended Data Fig. 2c compared with Extended Data 
Fig. 2b. Taking the ejecta blanket into account reduces the required volatile ice 
thickness from tens or hundreds of kilometres from the simple basin model 
(Extended Data Fig. 2b) to less than 10 km, which is consistent with other estimates 
for the thickness of volatiles within Sputnik Planitia”*”. If the thickness of volatiles 
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within Sputnik Planitia is larger, then Sputnik Planitia must have an additional 
negative mass anomaly to enable it to be at its present location. 

The inclusion of an uplift in the postulated subsurface ocean results in a similar 
Q’ value to models with an ejecta blanket. If the initial (pre-volatile filled) Sputnik 
Planitia basin is isostatically compensated (via Airy isostasy), then the initial mass 
anomaly of the basin reduces from Q’ = —4 to Q’ » —2 (Fig. 2b, Extended Data 
Fig. 3d). It is important to note that despite the fact that this initial basin is ‘compen- 
sated’ it does not have Q’ = 0. This arises from how a compensated structure funda- 
mentally alters the inertia tensor (and thus Q’). Because the structure compensating 
for the topographic low is deeper within the planet, it contributes less to the inertia 
tensor (inertia tensors scale with radial distance squared), and thus the negative 
mass anomaly arising from the topographic low still dominates. Nonetheless, this 
reduction of the underlying basin’s Q’ value is sufficient to allow volatiles to over- 
come the remaining negative mass anomaly for ice thicknesses of 1-10 km. This 
mechanism is discussed much more rigorously in ref. 16. Continued study of New 
Horizons data, as well as thorough impact simulation studies, is needed to truly 
disentangle the possible cause of the positive mass anomaly within Sputnik Planitia. 
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Extended Data Figure 3 | Simple models for Sputnik Planitia. a—d, Q’ 

as a function of volatile thickness (left column) for each simple model 
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different model results assuming different densities of model components 
(volatile ice density, crust density, mantle density, and ejecta density, 

when appropriate). Nominal outputs from each model are shown in 

Fig. 2b. See Methods for discussion of this figure. a, Volatiles loading on 
the surface of a planet, which is equivalent to volatiles loading a basin with 
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partially supported by Pluto’s elastic lithosphere (Methods). 
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Extended Data Figure 5 | Tectonic models. a—q, Tectonic patterns depend __ transitioning to quasi-azimuthal faults distal to Sputnik Planitia (due to 
on the geometry of proposed reorientation (a-f), the interior structure (i-k), | TPW stresses, h). Faults are coloured by azimuth, as in Fig. 2g-j. Black 


and the size and location of the perturbing load (1-q). Yet, despite all of lines show mapped faults, as in Fig. 2g, h. r-t, Tectonics patterns from 

the possible dependencies, it is striking that for the allowed reorientation TPW, loading and global expansion provide a far better match to the 
scenarios, the predicted tectonic patterns show little variance. Most predict _ observed fault distribution than do de-spinning, orbit migration or global 
quasi-radial faults proximal to Sputnik Planitia (due to loading, g), expansion. 
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Extended Data Figure 6 | Tectonics due to the progressive loading 

of Sputnik Planitia. a~h, The predicted tectonic pattern on Pluto as a 
function of the amount of ice within Sputnik Planitia, as in Fig. 3d-i: 

f denotes the fraction of the total global reservoir of ice within Sputnik 
Planitia (where the reservoir is equivalent to a 200-m-thick global layer); 
f=9% corresponds to 500 m, f= 12% corresponds to 800 m (as in Fig. 3f), 
f=21% corresponds to 1,400 m (as in Fig. 3g) and f= 52% corresponds 

to 3,500 m. The left column shows a view above the faults west of Sputnik 
Planitia, while the right column shows a view above the faults east of 
Sputnik Planitia. Grid lines and coloured vectors denote the instantaneous 
principal axis reference frame. As Sputnik Planitia is loaded with volatiles, 
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Pluto reorients. This changes the location of these features with respect 

to the principal axis reference frame (resulting in the reorientation of the 
latitude and longitude grid in each frame). This also changes the stresses as 
a function of loading within Sputnik Planitia, resulting in time-evolution 
of the tectonic patterns. The transition from quasi-radial (loading- 
dominated) to quasi-azimuthal (TPW-dominated) faults increases in 
distance from Sputnik Planitia as a function of the loading within Sputnik 
Planitia. This change in stress pattern may be reflected in future study of 
the cross-cutting relationships of Pluto’s faults. These images are snapshots 
from Supplementary Videos 1-3, which show additional time-steps. 
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Extended Data Figure 7 | Probability of randomly being near a 
principal axis. The probability of a randomly located feature being located 
near to any given principal axis (or set of axes). N is the number of axes 
considered; for example, the blue line indicates the chance probability of 
being near any single principal axis, whereas the yellow line indicates the 
chance probability of being near any of the principal axes. There is a 9% 
probability of Sputnik Planitia being this close to the tidal axis of Pluto. 
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into and out of Sputnik Planitia. c, The change in rotational kineticenergy _ possible reorientation scenarios. 
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Reorientation of Sputnik Planitia implies a 


subsurface ocean on Pluto 


FE Nimmo!, D. P. Hamilton?, W. B. McKinnon’, P. M. Schenk’, R. P. Binzel®, C. J. Bierson!, R. A. Beyer®, J. M. Moore®, S. A. Stern’, 
H. A. Weaver’, C. B. Olkin’, L. A. Young’, K. E. Smith® & the New Horizons Geology, Geophysics & Imaging Theme Team* 


The deep nitrogen-covered basin on Pluto, informally named 
Sputnik Planitia, is located very close to the longitude of Pluto’s 
tidal axis! and may be an impact feature’, by analogy with other 
large basins in the Solar System**. Reorientation®’ of Sputnik 
Planitia arising from tidal and rotational torques can explain the 
basin’s present-day location, but requires the feature to be a positive 
gravity anomaly’, despite its negative topography. Here we argue 
that if Sputnik Planitia did indeed form as a result of an impact and 
if Pluto possesses a subsurface ocean, the required positive gravity 
anomaly would naturally result because of shell thinning and ocean 
uplift, followed by later modest nitrogen deposition. Without a 
subsurface ocean, a positive gravity anomaly requires an implausibly 
thick nitrogen layer (exceeding 40 kilometres). To prolong the 
lifetime of such a subsurface ocean to the present day® and to 
maintain ocean uplift, a rigid, conductive water-ice shell is required. 
Because nitrogen deposition is latitude-dependent”, nitrogen loading 
and reorientation may have exhibited complex feedbacks’. 

The Sputnik Planitia basin is 3.5 km below its surroundings (Fig. 1) 
and is filled with a convecting layer of nitrogen ice, thought to be about 
3-10km thick!*"!, This structure would yield a strongly negative gravity 
anomaly (Extended Data Fig. 1a); to generate the present-day positive 
gravity anomaly either a much thicker nitrogen (N2) layer or some 
other source of extra mass at depth would be required. 

Stereo topography’” suggests a present-day elliptical shape 
of 1,300km x 900km. The topography resembles that of other 


60° N c 


(uy) AydeuBodo, 


Reorientation 


large degraded impact basins such as Hellas (on Mars)? or Caloris 
(on Mercury)* and includes a sharp rim (informally known as Cousteau 
Rupes) to the northeast!. The elevated topography beyond the basin 
rim might represent ejecta, but a distinct ejecta blanket is not visible in 
images', perhaps because of modification by Pluto’s ongoing surface geo- 
logical activity. The centre of the Sputnik Planitia ellipse is at about 175° E, 
18° N, or about 400km from the tidal axis. A point randomly placed on 
the surface has only a 5% chance of being this close or closer to either 
tidal axis. 

If Sputnik Planitia formed during an impact then its initial depth do was 
probably about 7 km (see Methods), on the basis of the depths of unre- 
laxed basins on Iapetus and the Moon”, with uncertainties introduced 
by the low velocities of Pluto impactors'’. The horizontal scale of Sputnik 
Planitia suggests that a thickness of tens of kilometres of ice was removed 
during impact, and that impact-driven uplift of an ice—ocean interface 
(if the ocean is present) probably occurred”. This uplift is important 
because it represents a large mass excess (Extended Data Fig. 1c). On the 
Moon a combination of impact-driven uplift of dense mantle material and 
later surface addition of lavas after the crust has cooled and strengthened 
results in impact basins showing a positive gravity anomaly!>-!”. We argue 
below that an analogous set of processes occurred at Sputnik Planitia. 

If Sputnik Planitia represents a positive gravity anomaly, tidal and 
rotational torques will have reoriented it towards the tidal axis. The 
calculated reorientation is mainly equatorward (Fig. 1c) and depends 
on the amplitude of the positive gravity anomaly, parameterized by 


Figure 1 | Sputnik Planitia topography and 
reorientation. a, Stereo-derived topography of 
Sputnik Planitia (using method described in 

ref. 1) with an ellipse with axes 1,300 km x 900 km 
superimposed. The ellipse centre and projection 
centre (Lambert equal area) are both at 175° E, 
18° N. b, Topographic profiles (locations shown 
+ in a). Point spacing was 8km with 5-point 
resent-day-pesition averaging to reduce noise. c, Location of Sputnik 
Planitia before reorientation (red crosses) as a 
function of dimensionless gravity anomaly Q 

(in increments of 0.3). A Q value of 1.4 represents 
a nominal peak gravity anomaly Ag of +31 mGal 
(Methods) and yields about 20° true polar 
wander. Orthographic projection centred at 

180° E, 45° N. 
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Figure 2 | Load thicknesses L and resulting gravity anomalies Ag 

for present-day Sputnik Planitia topography. a, Case with no ocean. 
Equatorward reorientation takes place if Ag is positive. Initial basin depth 
is do; to generate the present-day negative topography (h = 3.5 km) the 
deflection due to load thickness L is calculated using a thin-spherical-shell 
approach*” (see Methods). The shaded region denotes the estimated elastic 
thickness range’*. The characteristic wavenumber of Sputnik Planitia 

is taken to be (4/3)1/D, where D is the diameter (1,000 km). b, Case 

with ocean in which the pre-loading basin is isostatically compensated. 
Here dp =7 km. The shell thickness f, is taken to be 2T, to calculate the 
gravity contribution of the water; this can be justified a posteriori by the 
requirement for a cold, conductive shell (Fig. 3). The insets show the 
model geometry assumed in each case. 


the dimensionless parameter Q (Methods). Because of Pluto’s slow 
spin rate, the stabilizing effect of any remnant rotational bulge is small 
and equatorward reorientation can occur for modest (a few tens of 
milligals) positive gravity anomalies. A 20° reorientation increases 
the probability to 23% of Sputnik Planitia’s initial location being as 
close to a tidal axis as it is observed to be. Our calculations are con- 
servative because they neglect the role of the ejecta blanket, silicates 
contained in the impactor, and decoupling of the shell from the 
silicates underneath, all of which will serve to increase reorientation 
(Methods). Conversely, if Sputnik Planitia represents a present-day 
negative gravity anomaly it must have formed closer to the equator 
(Methods). 

We now calculate likely gravity anomalies at Sputnik Planitia. If 
no ocean was present, uplift of the silicate interior is unlikely to have 
happened because of its rigidity and great depth'* (assuming a dif- 
ferentiated body). In this case, we assume that deposition of N2 of 
thickness L took place at a later epoch, by which time the crust had an 
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Figure 3 | Basal shell temperature required to maintain a thinned 
shell for 4 billion years. Timescale calculated using ref. 19 assuming 

a Newtonian viscosity of 10!* Pas at 270 K and an activation energy of 
50kJ mol”! (Methods). A conductive temperature profile was assumed 
with the surface at 40K. 


elastic thickness T.. Thermal evolution models predict that T. always 
exceeds 40 km, depending mainly on when Sputnik Planitia formed’®. 
Given dy and the present-day topography h, the load thickness L and 
the resulting gravity anomaly Ag can be calculated (Fig. 2a; Methods). 
For basins with initial depths in the range 0-7 km, positive gravity 
anomalies only occur with N> loads over 40 km thick and T. values 
less than 15 km (so that the space required by the N2 can be accom- 
modated). A 40-km Nj thickness is much larger than that inferred!°"! 
and the T, value is smaller than predicted’*. The large negative gravity 
anomaly generated by the present-day 3.5-km negative topography is 
hard to overcome with N> loading alone. 

If a subsurface ocean is present, the post-impact, pre-loading state 
is assumed to be isostatic, resulting in a thinned shell beneath the 
basin!*!®, The dense water beneath the basin thus provides an addi- 
tional positive contribution to the overall gravity. For example, Fig. 2b 
shows that in the presence of an ocean, an N> layer 7km thick can 
generate a gravity anomaly of +32 mGal for 7. =70 km. These values 
are consistent with the available constraints. 

If Sputnik Planitia is a positive gravity anomaly at the present day, 
Fig. 2 suggests that a subsurface ocean with a thinned shell beneath 
the basin provides a viable explanation. Such a configuration will be 
smoothed out by lateral flow of the ice’? at a rate dependent on the ice 
viscosity and the shell thickness ¢,. Figure 3 shows that the configuration 
can be maintained for 4 billion years as long as the base of the ice shell 
is cold, that is, 180-250 K, depending on shell thickness. Such low 
temperatures can be achieved with an ocean containing ammonia and/ 
or methanol”? (ammonia is present in the Pluto system?!) and imply 
a conductive shell, a large fraction of which will behave elastically. 
A conductive shell also transfers heat sufficiently slowly that a subsur- 
face ocean can survive to the present day*”. Preferential refreezing of 
the thinned portion of the shell could remove shell thickness contrasts. 
However, the thinned portion is capped by solid N>, which has a much 
lower thermal conductivity than ice’? and—even if convecting!°—can 
provide sufficient insulation to prevent the thinned shell from refreezing 
(Methods). 

Rather than uplift of liquid water underlying the ice shell, (1) uplift 
of mantle material, (2) dense, solid ice II, (3) silicate-rich ice or (4) 
reduced-porosity ice might instead be contributing to Ag. We argued 
above that the first possibility was unlikely. We do not favour the second 
alternative because the presence of ice II implies strongly compressional 
tectonics*?”?, for which there is no evidence!. Theoretical models* 
predict that silicate-rich ice, if present, should be found at the sur- 
face, because of the low temperatures, while deeper ice should be 
silicate-free. This is opposite to the required distribution. An impact- 
induced porosity reduction of 10% would need to extend to a depth 
of 70 km to compensate the basin, but for basins the size of Sputnik 
Planitia the porosity effect on gravity is probably overwhelmed by uplift 
of the underlying material’**°. Although impact-driven ocean uplift is 
expected for a Sputnik-Planitia-forming impact”, further work will be 
required to exclude these other alternatives definitively. 
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An alternative hypothesis”® suggests that the Sputnik Planitia basin 
formed by early loading of N2 ice and reorientation as Pluto's spin state 
evolved to synchronous. In this hypothesis Nz was subsequently removed 
from Sputnik Planitia; this removal would cause >10° of polewards 
motion (Methods) and affect N2 deposition. This prediction of pole- 
wards motion is opposite to that shown in Fig. 1; since reorientation” 
and load removal cause tectonic stresses, mapping of tectonic features” 
should be able to test which of these hypotheses is correct. 

If Pluto contains a cold (probably ammonia-bearing) liquid ocean, 
several further issues arise. The predicted slow re-freezing of a Plutonian 
ocean results in isotropic extensional stresses®2, in agreement 
with the tectonic features observed’. The requirement for shell thinning 
to have occurred allows numerical models to probe the present-day 
shell thickness"*. A rigid, conductive shell could be reconciled with 
putative cryovolcanic surface features! by appealing to ocean pres- 
surization caused by progressive thickening of the ice shell**. Various 
Kuiper Belt Objects of somewhat similar sizes and densities (bulk com- 
positions) to Pluto are known”; among these bodies, subsurface oceans 
are probably a common phenomenon. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references 
unique to these sections appear only in the online paper. 
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METHODS 


Reorientation. To calculate the reorientation caused by Sputnik Planitia loading 
we follow the methods of ref. 27 with one exception. For a tidally distorted, 
slowly rotating synchronous satellite, the ratio of the non-normalized hydro- 
static degree-two gravity coefficients is J>/Cz2 = 10/3. However, since Pluto is the 
primary, it experiences less tidal distortion and the coefficient ratio is corres- 
pondingly higher, about 14.3 (ref. 7). As a result, we generalize equation (39) of 
ref. 27 as follows: 


(1) 


2 
Qsin20,.cos(¢p — o)) = sat + fos =| 


sin?0p 


Here Q is the dimensionless load size, # and ¢ are colatitude and longitude, respec- 
tively, and the subscripts L, T and R refer to the final location of the load and 
the initial locations of the tidal axis and the rotational axis in the final reference 
frame. Here fis defined as f=3m/(M-+ m), where m and M are the masses of the 
tide-raising body (Charon) and Pluto, respectively, such that for a synchronous 
satellite orbiting a massive planet f= 3 (yielding equation (39) of ref. 27) while for 
a purely rotat ionally distorted body f= 0. With this modification the reorientation 
caused by an imposed load Q may be calculated. For simplicity, we assume that 
reorientation occurs as a single event, though in reality it may have consisted of 
progressive motion. 

For Q= 1 and f= 0.327 (appropriate to Pluto) we find that #7 = 102.5°, 
or =193.1°, 0x = 13.6° (this is the amount of true polar wander, TPW) and 
or= 169.6°. A TPW of 20° requires Q= 1.4. The initial position of the load in 
the final reference frame may then be calculated using spherical triangles or by 
diagonalizing the moment of inertia tensor (ref. 27); for Q= 1 the load is initially 
located at 31.6° latitude and 163.2° longitude in the final reference frame. 

A basin of constant depth h and angular radius w yields the following dimen- 
sionless load Q (ref. 6): 


_ 3nGhpcosysin2y _ 3 pAgcosysin*y 
RQ?Aky 2 RQ?*Ak, 


Q (2) 
where G is the gravitational constant, p is the density of the material, R and 2 
are the radius and rotation angular frequency of Pluto and Ak; is the diffe- 
rence between the fluid Love number and the actual Love number (this quantity 
describes the size of the remnant bulge, which opposes reorientation). The nume- 
rator depends on the size of the load and the denominator represents the remnant 
bulge size. The size of the remnant bulge depends on Ak, and the rotation rate 
at which the bulge was ‘frozen in. Existing shape observations show no evidence 
of a remnant bulge*! and the establishment of Pluto's present-day spin rate prob- 
ably took a few million years*', whereas cooling of the interior and freezing in 
of a remnant bulge probably took tens to hundreds of millions of years*””. We 
therefore take the relevant rotation rate to be that of the present day. The second 
equality introduces the peak gravity anomaly Ag associated with the basin. For a 
parabolic basin (as we assume for Sputnik Planitia), the peak gravity is the same 
as for the constant-depth case, but the corresponding value of Q is reduced by a 
factor of p+ 0.5 because the mean basin depth is smaller. We take R= 1,188 km, 
p=0.5, 2=1.14x 10° rads}, and y= 24° (D=1,000km). For a Pluto with a 
50-km-thick elastic lithosphere Ak, = 0.16 (see below) in which case equation (2) 
yields Ag=22QmGal. A larger Ak; (larger remnant bulge) would require a larger 
gravity anomaly to get the same amount of reorientation. 

Our calculated degree of reorientation is probably conservatively small, 
for three reasons. First, if present, an ejecta blanket will reduce the size of the 
original negative gravity anomaly associated with the basin (yielding p ~ 0.3). 
Second, the basin-forming impactor probably contained some silicates, so any 
impactor material incorporated into the ice shell will provide a positive contribu- 
tion to gravity. Third, a decoupled ice shell is likely to reorient more than a solid 
body. However, for our argument the degree of reorientation is less important 
than the sign: only a basin exhibiting a positive gravity anomaly will experience 
equatorward reorientation. 

Polewards motion. For a load near the tidal axis and for a body (like Pluto) that 
is primarily rotationally distorted, we can approximate equation (1) as 
Qsin20, ¥ sin2@r with 6; = 72° for present-day Sputnik Planitia. The present- 
day gravity anomaly in the absence of a subsurface ocean is about —115 mGal 
(Extended Data Fig. 1a). Using the present-day rotation period and setting Ak, = 1 
to represent the largest likely remnant bulge (the real value is probably consider- 
ably smaller; see below) and with Ag= —115 mGal, equation (2) shows that the 
corresponding value of Q is —0.8. This in turn implies a poleward reorientation 
Ox of about 14°, and an original (pre-reorientation) latitude of 4°. A smaller rem- 
nant bulge would result in more reorientation. If Sputnik Planitia is a negative 
gravity anomaly at the present day, or if mass was removed after its equilibrium 
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position was established, Sputnik Planitia should have experienced large poleward 
reorientation, because the stabilizing effect of the rotational remnant bulge is small. 
Loading calculations. Consider first a basin that is initially isostatically compen- 
sated by an uplifted root (the with-ocean case), so that the initial gravity anomaly is 
about zero. The initial uplift ris given by r= dop¢/ (Pm — Pc)» Where Pm and p- are the 
density of water and ice, respectively, and dy is the depth of the basin after rebound. 
Assuming that an initially unstressed elastic layer develops after the rebound is 
complete, subsequent loading results in deflection. Taking the load thickness to be 
L, the deflection w (positive downwards) and the final basin negative topography 
h, we have 


h=d)+w-L (3) 


For a load described by a single spherical harmonic degree n, the required load 
thickness L for a given h can then be obtained via 


ae (A= do)(C) + 1) 
7 (4—*c,—1) (4) 


Pc 


Pec 


Here /, is the load density, C/ = C,where C, is the degree of compensation”, 


Pe 
which depends on the elastic thickness, and we have modified the definition from 
ref. 30 to avoid singularities arising when p» = pc. In the rigid limit there is no 


deflection, so Ge = 0, and equation (4) yields the correct answer: L = dy — h. In the 


isostatic limit C/ = —s— and again the correct answer is recovered, yielding a 
Pm 


— Pe 
much larger load thickness: L = (do — h) Pm/(Pm— pt): 
The post-loading peak gravity anomaly is given by 


Ag=2nG(—[h+ Llp. + Loy + (r— w] [py — ple) (5) 


The final term in equation (5) represents the positive gravity contribution of the 
uplifted dense water. Here the factor exp(—kt,) is due to upwards attenuation of the 
gravity anomaly owing to the finite shell thickness t.. We take t, = 2T.. 

Next we consider a basin overlying a flat ice—silicate interface (the no-ocean 
case). The depth after any initial (pre-loading) flexure is taken to be do. The 
required load thickness can again be obtained from equation (4), where in this 
case C is calculated by setting pm= - (because there is no contribution from a 
higher-density layer at depth). Again, the correct answer is recovered in the rigid 
and isostatic limiting cases. In this case the peak gravity anomaly is then 
simply 


Ag=2nG(—[h+L]p.+Lpy) (6) 


We calculate C, using equation (27) of ref. 30. We convert from wavenumber k to 
spherical harmonic degree n by using n~kR. The Young’s modulus of ice is 9 GPa, 
densities of water ice, water and N; ice are taken to be 0.92g cm~3, 1.0 g cm? and 
1.0gcm ? (ref. 23), respectively. Incorporation of ammonia into the ice could 
in theory reduce its effective rigidity, but during slow freezing ammonia will be 
excluded from the crystallizing ice*. 

In reality, Sputnik Planitia loading consists of contributions from multiple wave- 
numbers. To determine the dominant wavenumber, we calculated the flexural 
deflection of a parabolic basin using the approach of ref. 33 and determined that the 
maximum deflection is well approximated by an effective wavenumber k= 4n/3D, 
where D is the basin diameter. 

Lateral flow of the shell. The timescale for lateral flow of the shell is calculated 
using the approach of ref. 22, which gives the relaxation timescale T: 


= lb 
gApo*k? 


where 1, is the basal viscosity, k is the wavenumber as before, 6 is the effective layer 
thickness in which flow occurs and Ap is the ice-water density contrast. The basal 
viscosity depends on the reference viscosity and the activation energy Q,, and for 
a shell in which conductivity varies as 1/T, 6 is given by 


_ RgTote 
Q,in( T/T) 


where R, is the gas constant and Tj, and T; are the basal and surface temperatures. 
Size of remnant bulge. The size of the remnant bulge””** is assumed to depend 
on the quantity k2»—k,, where kygis the Love number after all stresses have relaxed 
and ky is the present-day Love number. A body which is fluid at the present day has 
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no remnant bulge (k2¢— kz =0) while a body which is infinitely rigid now (k;=0) 
has the largest possible remnant bulge, the size of which depends on the density 
structure and initial rotation rate. We use the method of ref. 35 to calculate the Love 
numbers and assume that the body is spherically symmetric. We assume that Pluto’s 
silicate interior has remained rigid and unrelaxed at all timescales and has an outer 
radius of 842 km, a rigidity of 100 GPa and a density of 3.5g cm *. The overlying 
H,O layer has a mean density of 0.95 g cm? and an outer radius of 1,188km. In the 
presence of an elastic ice shell 50 km thick with a shear modulus of 3 GPa, k) = 0.28, 
while in the absence of such a shell k= 0.44. The fact that (kyy— kz) © kz implies 
that the remnant bulge and present-day bulge are of comparable magnitude. Our 
assumption of a rigid silicate core is based on thermal evolution calculations’; if 
the core were instead strengthless at all timescales, the Love numbers increase to 
ky=0.52 and ky¢=0.75, respectively. 

Initial depth of Sputnik Planitia basin. Pluto’ radius is close to the geometric 
mean of the radii of Iapetus (R= 734 km) and the Moon (R= 1,738 km). Basins a 
thousand kilometres across that appear to be unrelaxed exist on Iapetus and the 
Moon”, with Iapetus basins approaching 10km in depth and lunar basins about a 
factor of two shallower. A similar-scale unrelaxed basin on Pluto might therefore 
be expected to be about 7 km deep. The corresponding isostatic ocean uplift would 
be 80km. Expected impact velocities on Pluto are lower even than on Iapetus, but 
the implications of these lower velocities for the initial depth-to-diameter ratio of 
the resulting basin are unclear’. 

The extent to which crust (shell) thinning and mantle (ocean) uplift occur in 
response to an impact depend on the diameter of the basin relative to the depth 
to the mantle, or ocean!*!*, On the Moon, with a mean crustal thickness of 
about 35km, mantle uplift occurs for basins with diameters in excess of 220km 
(refs 25 and 36). Assuming that this same ratio applies to Pluto, a 1,000-km-diameter 
basin would be expected to generate ocean uplift for shells thinner than about 
160 km. This expectation is confirmed by numerical models"*, which show that 
uplift occurs for ice-shell thicknesses less than about 180 km. A chondritic Pluto 
might have a present-day shell thickness similar to this value*4, while in the past 
the shell will have been thinner and uplift will correspondingly be more likely to 
have occurred. 

Insulating effect of N2. Consider a reference shell of thickness f, and effective 
thermal conductivity k.. It may be compared with a thinned shell of total thickness 
t! containing a layer of lower-conductivity ice k’ of thickness L. For the heat fluxes 


across the two shells to be equal, the required thickness of the insulating ice L can 
be shown to be 


k! P 
= i. ¢. 
kk! ) 


We note that this analysis neglects any melting at the base of the N> layer. Water 
ice exhibits a temperature-dependent thermal conductivity given by 651/T 
(ref. 37). The effective thermal conductivity k, over the temperature range 40-240 K 
is then 5.8W m!K~!. In contrast, nitrogen ice at 50 K has a thermal conductivity 
of 0.2W m~!K"! (ref. 23). The effective thermal conductivity of the nitrogen will 
be increased if it is convecting. Based on the results of ref. 10, the Nusselt number 
of the convecting nitrogen is about 3, so that the effective nitrogen thermal 
conductivity k’~0.6W m!K71. 

For an initial basin depth of 7 km, the shell thinning after loading (t,—t/) at 
Sputnik Planitia will be about 70 km, depending on the exact densities assumed 
and the amount of deformation. Thus, a nitrogen layer 8km thick is sufficient to 
offset the increased heat flux due to the thinned shell. As a result, shell thickness 
variations can be maintained over geological timescales as long as an insulating N2 
ice layer persists. As shown in Fig. 2, a layer this thick will yield a positive gravity 
anomaly of about +30 mGal, sufficient to cause reorientation. 

Code availability. Codes for the reorientation, loading and lateral flow calculations 
are available upon request from EN. 
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Extended Data Figure 1 | Schematic of the way in which the gravity 
anomaly is affected by an uplifted ocean and the thickness of the 
nitrogen layer. a—c, Either a nitrogen layer more than 40 km thick (b) 

or an uplifted ocean (c) could result in the present-day positive gravity 
anomaly at Sputnik Planitia; if neither is present, then a negative gravity 
anomaly results (a). The peak gravity anomaly is calculated using the flat- 
plate formula 2nGA ph for each layer, where h represents the thickness, 


Ap is the lateral density contrast and the densities of H2O ice, water and 
N> ice are 0.92 gcm~?, 1.0gcm~? and 1.0 gcm 3 (ref. 23), respectively. 

In ¢, the gravitational contribution of the ocean is reduced as a result of 
upwards attenuation assuming a shell thickness of 150 km (see Methods). 
The structure in c is similar to the inferred structure of lunar mascon 
basins, which also show positive gravity anomalies (refs 15, 16). 
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The rapid formation of Sputnik Planitia early in 


Pluto’s history 


Douglas P. Hamilton!, S. A. Stern’, J. M. Moore’, L. A. Young? & the New Horizons Geology, Geophysics & Imaging Theme Team* 


Pluto’s Sputnik Planitia is a bright, roughly circular feature that 
resembles a polar ice cap. It is approximately 1,000 kilometres across 
and is centred on a latitude of 25 degrees north and a longitude of 175 
degrees, almost directly opposite the side of Pluto that always faces 
Charon asa result of tidal locking’. One explanation for its location 
includes the formation of a basin in a giant impact, with subsequent 
upwelling of a dense interior ocean”. Once the basin was established, 
ice would naturally have accumulated there®. Then, provided that 
the basin was a positive gravity anomaly (with or without the ocean), 
true polar wander could have moved the feature towards the Pluto- 
Charon tidal axis, on the far side of Pluto from Charon?*. Here we 
report modelling that shows that ice quickly accumulates on Pluto 
near latitudes of 30 degrees north and south, even in the absence of 
a basin, because, averaged over its orbital period, those are Pluto’s 
coldest regions. Within a million years of Charon’s formation, ice 
deposits on Pluto concentrate into a single cap centred near a latitude 
of 30 degrees, owing to the runaway albedo effect. This accumulation 
of ice causes a positive gravity signature that locks, as Pluto’s rotation 
slows, to a longitude directly opposite Charon. Once locked, Charon 
raises a permanent tidal bulge on Pluto, which greatly enhances the 
gravity signature of the ice cap. Meanwhile, the weight of the ice 
in Sputnik Planitia causes the crust under it to slump, creating its 
own basin (as has happened on Earth in Greenland°). Even if the 
feature is now a modest negative gravity anomaly, it remains locked 
in place because of the permanent tidal bulge raised by Charon. Any 
movement of the feature away from 30 degrees latitude is countered 
by the preferential recondensation of ices near the coldest extremities 
of the cap. Therefore, our modelling suggests that Sputnik Planitia 
formed shortly after Charon did and has been stable, albeit gradually 
losing volume, over the age of the Solar System. 

The western lobe of the icy, heart-shaped feature on Pluto, provi- 
sionally called Sputnik Planitia (Extended Data Fig. 1), is composed 
of a mixture of nitrogen, methane and carbon monoxide icesh©7_ 
substances that are volatile at the temperatures expected on Pluto 
(about 40 K). Its location at 30° N—a latitude that is temperate on 
Earth—currently receives substantially less solar energy per Pluto 
year than all other latitudes. Furthermore, the axial tilt and orbital 
eccentricity of Pluto evolve on million-year timescales*’, leading to 
important changes in the annual energy flux to the dwarf planet and 
to climate variations that are analogous to ice-age cycles on Earth. We 
investigate these variations'’"!° by considering the instantaneous flux 
of sunlight that is absorbed by a unit surface element on Pluto: 


L 


Arr 


F= (1 — A)cos(y) (1) 


2 


where L is the solar luminosity, r is the Pluto—Sun distance, A is Pluto’s 
albedo and 7 is the angle between the Sun—Pluto line and the normal 
to the surface element. 

We average equation (1) over one orbit of Pluto about the Sun (see 
Methods and Extended Data Fig. 2), assuming a perfect absorber 
(A =0) to obtain the solar energy flux to different latitudes on Pluto. 
Pluto's current axial tilt (or obliquity) is «= 120°, but it varies from 


104° to 127° over the course of a 2.8-million-year cycle®. Accordingly, 
we repeat the calculation for several different obliquities (Fig. 1). The 
curve for the present-day tilt has a minimum flux at 26.5° latitude, with 
more solar energy incident at the equator and substantially more at the 
poles. In the current epoch, Plutos poles receive about 10% more solar 
energy than does its equator, but this ratio varies from about 45% more 
at «= 104° to near parity at e= 127°. Volatiles are driven away from the 
poles during the long hot summers, preferentially migrating to regions 
with cooler climates!*. Once deposited, these volatiles are more difficult 
to dislodge, resulting in thinner layers returning to the poles in winter. 
Over many repeated seasonal cycles, these processes inexorably move 
volatiles away from the poles and towards cooler regions. Current con- 
ditions near the equator, and especially near 30°, strongly favour the 
deposition and retention of volatiles. 

Over the 2.8-million-year cycle of Pluto’s obliquity, the equator is 
alternately more and less hospitable to the build up of ices than is 30° 
latitude. The flow of ices across the equator, as evidenced in Extended 
Data Fig. 1, might be due to the recent warming trend at the equator, 
which could be mobilizing the ices in the southernmost regions of 
Sputnik Planitia. Most importantly, conditions near 30° are remarkably 
constant over Pluto's full obliquity cycle, providing a stable climate in 
which to cultivate icy deposits over millions and even billions of years. 
Weaker effects of Pluto’s orbital eccentricity and radiation from Charon 
are considered in Methods. 

If incident sunlight was the only factor in determining the location 
of frozen volatiles on Pluto, then planet-encircling bands of ices cen- 
tred near +30° would be expected. However, the surface albedo of 
the planet determines the fraction of incident energy that is actually 
absorbed by Pluto. Dark areas in Extended Data Fig. 1 absorb about 
85% of the incident sunlight (A =0.15 in equation (1)), whereas the 
bright ices of Sputnik Planitia reflect a comparable fraction of incident 
sunlight back into space (A ~0.85)°. Owing to diminished absorption 
of sunlight, temperatures over bright icy regions should be much lower 
than over darker regions, thereby enhancing the deposition rate of 
volatiles and inhibiting sublimation’. The strong effect of albedo can 
drive longitudinal variations in ice cover. The dark equatorial regions 
of Pluto remain dark by discouraging deposition of bright frost layers, 
whereas the bright areas attract additional frost. The equally marked 
albedo variations on Saturn’s moon Iapetus are driven by similar 
processes”®. Acting in concert with variations in incident sunlight, 
albedo differences will cause volatiles to be preferentially deposited 
on the brightest terrain in the +30° latitude bands. Perhaps the most 
likely trigger for the formation of Sputnik Planitia was bright terrain 
formed from refreezing of melt produced by a mid-sized impactor or 
an early period of cryovolcanism. Shadowing by mountains or in craters 
are also possibilities, although these are probably weaker effects. 
In any case, once ices begin to be deposited in one area, they raise the 
albedo and reflect more sunlight back to space. Thus, the absorption 
of energy decreases, sublimation is inhibited and deposition of more 
ices is enhanced, leading to a runaway process (Fig. 2; see Methods for 
more details). Runaway ice-cap formation on Pluto is the reverse of the 
accelerating melting that is now ongoing in Earth’s north polar ice pack. 
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Figure 1 | Effects of Pluto’s obliquity on insolation. We plot the orbit- 
averaged incident solar energy flux, or insolation, as a function of latitude 
on Pluto for five different values of Pluto's axial tilt «. All curves were 
computed assuming the present-day value of Pluto’s eccentricity, e=0.25. 
The change in Pluto’s tilt is the largest single factor that affects the strength 
of incident sunlight; the 1.4-million-year swing from ¢ = 104° to «= 127° 
causes a change of roughly 20% in the flux absorbed at Pluto’s equator and 
poles. Latitudes near +30° have a far more muted response to changes in 
Pluto’s obliquity. The black arrows highlight the present-day obliquity of 
Pluto and show how the obliquity will change in the future; the minimum 
insolation at the equator occurred about 0.85 million years ago and the 
peak is due in about 0.55 million years. 
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Owing to the strength of even a thin lithosphere, the initial ice depo- 
sits would have had positive topography contributing to a global longi- 
tudinal asymmetry. Such asymmetry would be subject to tidal torques 
from Charon that would act to rotate the ice cap towards the Pluto- 
Charon line. This probably occurred very early, within a few million 
years after Pluto and Charon were formed by the impact of two large 
Kuiper belt objects”'. Prior to this giant impact, the surfaces of each of 
the objects were probably cold and covered with frozen volatiles and 
thin atmospheres. The collision produced either a mostly intact Charon 
or a circum-Pluto disk out of which Charon subsequently accreted; it 
also substantially heated portions of each body’. Tides acting between 
Pluto and Charon then despun each object and separated them on a 
timescale of the order of a few million years?*?-4. 

Far shorter timescales are sufficient for surface temperatures of 
Pluto to come back into equilibrium with the flux of solar energy and, 
accordingly, for most of Pluto’s volatiles to freeze out onto its surface. 
Deposition would occur preferentially at latitudes near the equator 
if Pluto’s obliquity then was below 114°, or nearer latitudes of +30° 
for larger obliquities (Fig. 1), and at longitudes with favourably high 
albedos. Over many seasonal cycles of sublimation and deposition, the 
runaway albedo effect (discussed above and in Methods) will cause 
a single ice cap to form in at most a few hundred thousand years. As 
Charon approached its current distance from Pluto, the obliquity of the 
dwarf planet stabilized to something like its current value, and Charon 
locked into synchronous orbit above a particular spot on Pluto’ surface. 
The ice cap was plausibly the largest contributor to global topography 
(see Methods), dwarfing in horizontal scale the mountains and craters 
scattered across Pluto’s surface. In this circumstance, Charon would 
cease moving relative to Pluto’s surface when it reached one of two 
equilibrium longitudes: that of the ice cap itself or 180° further on (see 
Fig. 3 and Methods). For this type of tidal alignment, all that is needed 
is for the ice cap to control the longitudinal asymmetry of Pluto when 
averaged over broad 90° swaths of longitude. On these large scales, the 
gravitational signature from the mass of the ice cap exceeds the inte- 
grated effect of Pluto’s other topography. The vertical and horizontal 
extent of the ice cap is also relatively unimportant, and it is sufficient for 
the ice to initially simply fill in topographical lows. The runaway albedo 
effect, acting over time, probably concentrated the ice into the deep 
convecting structure that we now observe (see Methods). The current 
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Figure 2 | The runaway albedo effect. This simulation tracks the time 
evolution of four ice caps with initially equal mass, each with an initial 
radius of 800 km and an average depth of 500 m, but with different 
albedos A. In reality, one feature probably dominated immediately after 
ices first started condensing out of the atmosphere, leading to much faster 
formation than is depicted here. Nevertheless, in each seasonal cycle of 248 
years, we assume that a fraction f= 0.5 of absorbed solar energy converts 
ice to vapour, which is then redeposited on the ice caps in proportion 
to their exposed surface areas. As ice caps gain or lose mass, their areal 
coverage and average depth evolve as well, such that the ratio of diameter 
to depth remains constant. The darker two ice caps (A =0.2 and A=0.6) 
efficiently absorb solar energy and sublimate away rapidly, while the 
brighter two (A = 0.8 and A = 0.85) initially grow. Eventually, the brighter 
two ice caps compete more directly for the available vapour, and the one 
with the higher albedo captures all of the available ice, growing to a depth 
of 700 m and a radius of 1,270 km. Finally, the depth-to-diameter ratio of 
the surviving ice cap will grow as the lower-albedo margins preferentially 
sublimate in a process analogous to that considered here. 


position of Sputnik Planitia, centred nearly opposite the sub-Charon 
longitude of 0°, provides excellent support for this idea of moon-driven 
tidal alignment. Indeed, if randomly placed, there is only an approxi- 
mately 10% chance that the ice cap would fall within 10° of one of the 
two critical longitudes, 0° and 180°. 

Once Charon comes to rest above Pluto, the gravity of the satellite 
sets up a permanent tidal bulge on the dwarf planet that reinforces the 
position of the ice cap at a longitude that intersects the Pluto-Charon 
line. This permanent bulge holds the ice cap in place even against 
substantial mass loss of volatiles from the ice cap to the atmosphere, 
space or elsewhere on the planet. The ice cap would rotate away from 
180° longitude only if enough ice was moved to reveal a large negative 
gravity anomaly, or basin, and the basin would have to be sufficiently 
large and deep to overcome the permanent tidal bulge. Therefore, once 
locked in, the ice cap will remain near its current equilibrium lon- 
gitude of 180° against all but the most extreme changes. Moderately 
sized ice caps would also move slightly towards the equator”*”>, but 
such motions are resisted by Pluto's rotational bulge. Furthermore, any 
equatorward displacement of the ice cap, or indeed even an initially 
equatorial ice cap, would be affected by many thousands of annual 
sublimation and deposition cycles that would move the ice cap slowly 
poleward towards the latitudes with the least orbit-averaged flux of sun- 
light (see Methods). The north-south orientation of Sputnik Planitia 
may provide some evidence for such motions. Eventually conditions 
stabilized, leaving Pluto with a single dominant ice cap centred ona 
latitude of 25° determined by a minimum of solar illumination and a 
longitude of 175° set by long-ago tidal forces from Charon. Therefore, 
Pluto should be in one of four possible end states: with an ice cap cen- 
tred near 30° or —30° latitude and near 0° or 180° longitude. Positions 
within 10° of these end states cover just 3% of Pluto’s surface, making 
Sputnik Planitia’s location near one of them particularly noteworthy. 

The ices within Sputnik Planitia contain solid-state convection cells 
that suggest depths of several kilometres!°?”. Convection works to 
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Figure 3 | Tidal locking of Pluto. a, The spin rate of Pluto relative to 
Charon’s orbital motion (&) is shown for two separate initial conditions 
differing in phase by 180°. The two curves are plotted on top of one 
another (see Methods). Torques from Charon on the tidal bulges that are 
raised on Pluto by the moon act to slow Pluto’ relative spin rate towards 
zero, where it ultimately locks to Charon’s orbital rate (@ = 0, indicated by 
the dashed line) to form the doubly synchronous system that we observe 
today. b, The longitudinal offset between Charon and the ice cap on Pluto's 
surface is shown for the two initial conditions. After a time of rapid 
rotation, each simulated Pluto is captured into libration about an 
equilibrium point, one with the longitudes of Pluto's ice cap and Charon 
aligned and the other with them separated by 180°; these critical 
longitudes are marked by dashed lines. 


keep the surface bright by continually exposing fresh ice and repro- 
cessing dirty ice, protecting the ice cap against additional absorption 
of sunlight. Despite its thickness, the surface of Sputnik Planitia is 
actually a topographic low relative to the global average, residing in 
a large basin*®. This depression has been interpreted as having an 
impact origin®®?8—a scenario that is not wholly inconsistent with 
our arguments; such a structure might, for example, be created by 
the loss shortly after its formation of a hypothetical moon similar 
to the four that currently reside outside Charon’s orbit!*?. However, 
there is a simpler alternative: mass loading of Pluto's surface with a 
layer of ice many kilometres thick early in Pluto’s history when its 
rigid lithosphere was thin would depress the surface substantially; 
the ice cap would make its own basin. This interpretation has the 
advantage of providing an explanation for why the basin is coincident 
with the ice cap and why both are located at the coldest latitude on 
Pluto and at a longitude that is directly opposite Charon. Because 
nitrogen ice and the water-ice bedrock have comparable densities, 
the nitrogen ice cap would have efficiently depressed the pre-existing 
landscape. In this case, the fact that the volume of the basin substan- 
tially exceeds that of Sputnik Planitia itself”° implies that some of the 
ices that once filled the basin are now elsewhere, possibly lost to space 
over billions of years*0), hidden in the unlit southern hemisphere 
or buried underneath equatorial or other deposits. In addition, bulk 
movement of the ices on million-year precessional timescales may 
have eroded the regions around Sputnik Planitia, further enlarging 
the basin. 


Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper. 
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METHODS 


Solar energy deposition on Pluto. We begin by averaging the energy flux from 
sunlight to a given latitude /, on Pluto over the course of one Pluto rotation. The 
integration is over time with Pgay equal to one Pluto day or approximately 6.39 
Earth days. The daily average flux to a given latitude is given by the integral of 
equation (1) with A=0: 


Paay Bmax 
5 L Lol 
Fay = —z Jf cos¢yyat = z= J cos(y)dB (2) 
4nr* Paay “9 4nr’ 7 “4 


where L is the solar luminosity and r is the instantaneous Pluto—Sun distance, 
which is assumed to remain approximately constant over one Pluto day. The 
angle is the angular distance between the Sun and the point of interest on Pluto's 
surface (Extended Data Fig. 2); 7 changes continuously in time owing to Pluto’s 
rotation. We have used the fact that —the hour angle measured from the north 
pole (Extended Data Fig. 2)—increases uniformly as Pluto rotates so that (3/(2T) 
= t/Paay. Finally, Gmax is the largest 3 such that the Sun is still visible (y= 90°). 
Equation (2) shows that the daily average flux is highest when both Bax and cos(y) 
are maximized (long sunlit periods with the Sun nearly overhead); this situation 
is approximately realized at two locations along the orbit of Uranus where that 
planet's spin axis points nearly at the Sun. 

The integral is evaluated by expanding the angle + with the law of cosines for the 
spherical triangle shown in Extended Data Fig. 2. We obtain the following result: 


Fay =~ [Bynasi(I,)sin(1,) + sin(Byyg)08(1,)c0s(l))] @) 
4nr’ 

where [, is the subsolar latitude, 1, is the latitude of interest and cos(Amax) = 
—tan(/,)tan(J,), with Gmax € [0, 7]. For circular orbits about the Sun, note the 
symmetries Faay(/s, ly) = Faay( —/s, —Ly) and Faay(Is, ly) = Faay(1,, 1s). Equation (3) 
can be used to show that, on the summer solstice, Pluto's summer pole receives 
nearly 5.5 times the energy than its equator does. In fact, Pluto receives more daily 
sunlight at its north pole than at its equator whenever /, > 17.66°. For higher lati- 
tudes, the more direct sunlight to the equator is more than offset by the greater 
amount of time that the polar regions spend in sunlight. Of course, the equator is 
sunlit for exactly half a Pluto rotation at all times of the year. For a given position 
of the Sun north of the equator, the greatest daily flux of energy is always to a more 
northernly latitude. For example, the daily flux to latitude J, = 17.66° when 
1, = 17.66° is less than that to all latitudes 1, between 17.66° and 41.8°. 

To determine the annually averaged energy flux, we integrate equation (3) over 
a full Pluto year: 


Prcae 


Fyear = —— J = (Bax sin(/,)sin(ly) + sin(G,,,,)cos(1.)cos(1y)]dt 
0 


We use Kepler’s second law 


dv _h 
‘ay oe (4) 
dt r 
to replace integration over time with an integration over the angle v. Here 
h=./GMoa(1 — e”) is Pluto's constant orbital angular momentum per unit mass, 


a, eand vare Pluto’s orbital semimajor axis, eccentricity and true anomaly, respec- 
tively, G is the gravitational constant and Mg is the solar mass. The true anomaly 
is the angle between Pluto and its orbital pericentre as measured from the Sun. 
Note that the 7° introduced by this change of variables conveniently cancels the r-? 
from the definition of flux. We find 
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i sin(/.)sin(Jy) + sin(Gyax)C08(Is)cos(1y)]dv (5) 


87? g2J1—e? “4 
Together, the true anomaly 1, its time derivative (equation (4)) and the argument 
of latitude u defined by 


- L 1 


F year — 


sin(u) = sin(e)sin(I,) (6) 


give full information about the apparent motion of the Sun as seen from Pluto. 
The argument of latitude is the angle between the present-day position of the Sun 
and its position when it crosses Pluto’s equator heading north; € is Pluto’s obliquity. 
The true anomaly and argument of latitude are related by u= w + v, where w is 
the argument of pericentre; w= 0 occurs at times when Pluto is closest to the Sun 
at its spring equinox. Because the integrand is a complicated function of the true 
anomaly, the integral in equation (5) must be evaluated numerically. 


Although intractable, the integral displays some interesting symmetries. First, 
taking « + n — € leaves equation (6) unaltered and so Fyear(€ ly) = Fyear(7 — 6 1). 
Consequently, Pluto, with a tilt of e= 120°, gets the same annual insolation pattern 
on its surface as a planet tilted by = 60°. More remarkably, if we rewrite the equa- 
tion as an integral over u using du= dr, the limits of integration cover a full cycle 
of the Sun around Pluto and can be returned to the range [0, 27]. Therefore, the 
integral does not depend in any way on the location of Pluto’s pericentre”. The only 
effect of Pluto’s highly eccentric orbit on Fyear comes from the overall scaling factor 
outside the integral**. This means that the annual average energy flux to any 
latitude on Pluto is most easily determined by treating its orbit as circular for the 
integration in equation (5), and then adjusting the scaling factor outside the 
integral (see Extended Data Fig. 3). 

A final symmetry comes from flipping the subsolar point and the latitude of 
interest to the opposite hemisphere with the transformation |, + —/, and l, + —l,. 
This flipping occurs when the Sun is half an orbit further along (u — u + 1), so 
du — du and we rewrite the integration limits as before. Therefore, 
Fyear(é ly) = Fyear(€, — Ly) and the annual energy flux to a planet is always sym- 
metric about its equator. This symmetry, which is clearly visible in Fig. 1, is seen 
in some works!®!4-!4!719. but not others!*!5, 

The solution of equation (5) shows that cold polar regions as exist on Earth or 
Mars require obliquities of less than 45° or more than 135°, whereas deep equatorial 
minima occur for all planets tilted between 66° and 114°. Pluto’s obliquity varies 
around the 114° boundary, spending about 1.3 million years with an equatorial 
minimum followed by 1.5 million years with minima at low to mid latitudes (Fig. 1). 
Numerical techniques. We wrote several codes in C to calculate the energy flux 
from the Sun for different orbital geometries and axial tilts over various time inter- 
vals. We evaluate equation (3) directly to quickly determine average daily fluxes 
at different times during Pluto’s year; to obtain annual averages, we evaluate equa- 
tion (5). For averages over one Pluto year, millions of years in the past or future, 
we update Pluto’s orbital parameters and tilt appropriately’ and again evaluate 
equation (5). 

As seen from Pluto, Charon is an extremely large and extremely close satellite, 
appearing fully seven times larger than the full Moon in Earth’s sky, which itself is 
larger than any other planetary satellite seen from its primary. Moreover, owing to 
its tidally evolved state, Charon hovers over one point on Pluto's equator, continu- 
ously illuminating the same hemisphere. Accordingly, we investigate the reflected 
sunlight and thermal infrared emission from Charon on ices on Pluto’ surface. 
Because Charon holds its position over a single spot on Pluto’s equator, the angle 
between this spot and the position of interest yc is constant. We estimate the aver- 
age flux of solar energy that comes to Pluto via Charon as follows: 


- 5 IR 
Foyear = Fyear~—s cos(¥,) (7) 
2a¢ 


where Rc is Charon’s radius and ac is its distance from Pluto. Here we have assumed 
that Charon is full as seen from Pluto, have treated Charon as a slow rotator and 
have made simplifying assumptions about how its surface reflects sunlight. We 
have made use of Fy.a; from equation (5), which introduces errors of approximately 
20%. Charon’s phases vary over a Pluto year, always oscillating about, but rarely 
departing appreciably from, half full; in the spirit of estimation, we ignore these 
subtleties, but recognize that our full-moon approximation is an overestimate. 
Additionally, we underestimate the effects of Charon’s thermal emission because 
equation (7) determines the energy incident on Pluto rather than the energy 
absorbed. More than half of the sunlight incident on Charon is reprocessed into 
thermal infrared, which delivers energy to ices far more efficiently than does visi- 
ble light. Finally, more indirect energy from Charon is delivered to the night side 
of Pluto than to the dayside, which probably has consequences that are not captured 
by our approach of considering only annual averages. We also estimate the effect 
of sunlight reductions to Pluto due to eclipses by Charon that occur every 124 
years*!, When averaged over a Pluto year, this effect is smaller, but not substantially 
smaller, than reflected sunlight and thermal emission from Charon. With all of 
these caveats, our estimate for contributions of Charon shine to Pluto’s sub-Charon 
longitude is depicted in Extended Data Fig. 3; despite Charon’s size and proximity, 
these effects are very small—roughly an order of magnitude weaker than the 
already weak effects of orbital eccentricity. 

This analysis shows that variations in Pluto’ obliquity and albedo are the strongest 
drivers of sublimation and deposition, with weaker but noticable effects from 
orbital eccentricity and even radiation from the large moon Charon. Although we 
find a slight preference for ices to be deposited on the anti-Charon hemisphere, the 
effect is too weak to account for the location of Sputnik Planitia. 

Runaway albedo effect. To illustrate the runaway albedo effect, we developed a 
code to track the individual sizes of several spatially separated ice deposits through 
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Pluto’s seasonal cycles. We assume that a fraction 1 — A of incident sunlight is 
absorbed by the ices, with A the albedo from equation (1). We further assume that 
a fraction f of absorbed sunlight converts ice to vapour during sunlight hours and 
that all of this vapour redeposits onto the ice caps at night. The rest of the incident 
energy goes to heating of the surface and subsurface layers, and redeposition is 
assumed to be in proportion to the exposed surface areas of the ice caps. Over a 
single summer day ice preferentially sublimates into the atmosphere, whereas in 
winter the converse is true. We consider only the longer annual cycle, assuming 
that the vapour content of the atmosphere remains constant and using it only as a 
conduit for communication from one ice deposit to another. We set the number of 
ice caps, and their sizes, depths and albedos as initial conditions, and track changes 
to the deposits over many annual cycles. Figure 2 shows a typical run with four 
large ice caps of initially equal size, but different albedos. The four-ice-cap situa- 
tion in Fig. 2 is unlikely to have ever occurred on Pluto, but serves as an effective 
demonstration of the power of the runaway albedo effect. 

Albedos are macroscopic averages, encoding the effects of large-scale surface 
topography as well as compositional differences. The ice caps may be placed at arbi- 
trary locations on Pluto's surface, but here we consider caps near a configuration 
in which each spot receives the same annual solar insolation. The total mass in 
ice is set to approximate that believed to be in the ice cap today, and is preserved 
over the course of the simulation. We find that mass is rapidly removed from the 
darker two ice caps, owing to their more efficient absorption of solar radiation and 
consequent copious production of vapour. Simultaneously, the brighter two ice 
caps both grow in mass and spatial extent, with their larger surface areas attracting 
more of the available vapour each annual cycle. Ultimately, and on relatively short 
timescales, only one ice cap remains. 

Although this simple model does not capture all of the relevant physics—for 

example, it does not include the expected brightening of the ice cap once its size 
exceeds that necessary for solid-state convection”’ —it effectively demonstrates 
that very small albedo differences are magnified to the point where only a single 
ice cap survives. Similar considerations explain why an excess of solar radiation 
at polar and equatorial latitudes drives ices towards latitudes that receive the least 
solar illumination (Fig. 1). 
Tidal despinning of Pluto. We developed a numerical code to track how the angu- 
lar orientation of Pluto relative to Charon changes as a result of tidal influences 
from the massive satellite. The relative spin rate of Pluto starts positive and then 
slows to zero, or tidally locks, over a timescale of about a million years™??-*4, where 
it remains today. Gravitational torques from Charon on the tidal bulge raised on 
Pluto by this satellite cause a monotonic decrease in the spin rate of the dwarf 
planet. In addition, the dominant torques on the asymmetric shape of Pluto vary 
periodically at twice the relative spin rate. We show below that Pluto’s asymmetric 
shape is probably dominated by its ice cap. These two effects are captured by the 
following equation for the rotational acceleration of Pluto: 


2, 
“ = asign| | + €2 sin(2@) (8) 
where @ is the rotational phase of Pluto relative to Charon, t is time, d®/dt is 
the relative spin rate, €, is the tidal dissipation rate and €) is set by the intrinsic 
shape of Pluto. The first term on the right-hand side of equation (8) captures tidal 
despinning of Pluto that occurs as a result of tides raised on that body by Charon. 
Here we use the so-called constant-Q formulation of tides?*, which, although in 
common usage, has a very obvious flaw. The tidal term takes a discontinuous step 
when d@/dt=0, which is unphysical. When d&/dt=0, which corresponds to the 
spin rate of Pluto precisely matching the orbital rate of Charon, the tidal bulge 
raised on Pluto by Charon is directly under the satellite and there can be no net 
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torque. An infinitesimally faster or slower spin rate should lead to an infinitesimal 
torque that drives the system back towards d@/dt= 0, not the macroscopic 
torque implied by equation (8). This formulation of tides also leads to numerical 
issues, because no step size in time is sufficiently small to resolve a step function. 
Accordingly, we smooth the second term in equation (8) by making it proportional 
to d®/dt when |d®/d?| is less than a specific threshold. This choice is more physical, 
maintains continuity, is numerically more stable and has the added advantage 
of making equation (8) linear; in fact, for small @ it is the equation of a classic 
damped harmonic oscillator. In the code, this change takes the form of a single 
conditional statement. Taking nominal parameters in equation (4.165) from 
ref. 23, we calculate €, = 1.4 x 107!8 s~? and choose our threshold spin rate to be 
d@/dt=1.0 rad}. 

The last term in equation (8) characterizes torques from Charon on the longi- 
tudinally asymmetric shape of Pluto. Because Charon’s distance is large compared 
to Pluto’s radius, the global-scale topography (specifically the Cj: quadrupolar 
component of topography) of Pluto determines its response to Charon. A single 
ice cap of mass mice, placed at the equator of an otherwise spherical planet, yields 
Cx2 = Mice! (4Mp), where Mp is Pluto’s mass; the contribution from an ice cap at 30° 
latitude is only 25% smaller. No dipole terms are produced by the addition of an ice 
cap as long as the origin of the system remains at Pluto’ centre of mass. Therefore, a 
single ice cap of mass mice acts identically to two ice caps each of mass mMice/2 located 
180° apart in longitude—a situation that is easier to visualize. For the parameters 
of the ice cap considered in Fig. 2, we have mice/Mp =3 x 10-4, Cx» =8 x 10° and 


= 15 GMp Mice Mc os 


a= 7 =1.5 x 107!4s~? 
4 ac Mp Mp 


where Mc is Charon’s mass. Pluto’s natural topography, if similar to Earth’s, would 
yield a considerably smaller Cy, =2.8 x 10~°, providing support for our conten- 
tion that Pluto’s ice cap probably dominated the global topography. Substantial 
relaxation of Pluto towards spherical symmetry can occur without altering this 
conclusion. 

The transformation  — & + 7 leaves equation (8) unaltered, which means that 
any trajectory that follows has a second solution that is everywhere displaced 
from the first by 180°. When we integrate equation (8) in time, we find two equi- 
librium states that occur with equal probability: the ice cap can end up at Charon’s 
longitude (= 0) or displaced by 180° to where the actual system is found. Figure 3 
follows the evolution of Pluto’ spin rate relative to Charon’s orbit and the angular 
offset of the long axis of Pluto from Charon as a function of time. Because €2 > €), 
the harmonic oscillator is underdamped and the system oscillates around the equi- 
librium point, within an envelope that decays exponentially. Our numerical 
simulations support our analytic discussion: we find rapid decay of Pluto’s spin to 
a final state with the ice cap locked either to Charon’s longitude or to roughly the 
observed configuration, each with 50% probability. 

Code availability. The numerical codes used to produce Fig. 1 and Extended Data 
Fig. 3 are not publicly available. The codes developed to illustrate the runaway 
albedo effect (Fig. 2) and despinning of Pluto (Fig. 3) are available from D.P.H. 
on request. 

Data availability. Data files used in the construction of the figures are available 
from D.P.H. on request. 
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Extended Data Figure 1 | Surface map of Pluto. Sputnik Planitia, the were of Sputnik Planitia, and most other regions were imaged at much 
informally named western lobe of the white heart-shaped feature, is lower resolution from farther away. Consequently, this map is a mosaic 
approximately 1,000 km across and is centred on a latitude of 25° N and of multiple images of differing resolution. Faint grid lines of latitude and 
longitude of 175°, with the zero of longitude defined to run directly longitude are spaced by 30°. Regions south of about 30° S were not sunlit 
underneath Pluto's moon Charon. Owing to Pluto's slow rotation and and, hence, were not imaged, because they are currently experiencing 
the approach vector of New Horizons, the highest-resolution images polar night. 
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Extended Data Figure 2 | Geometry for energy deposition on Pluto. The 
large circle represents Pluto, with our view centred on the intersection of 
the equator and the noon meridian. At the location of the red star, the Sun 
is directly overhead, and it tracks along the latitude /; over the course of by 7 and the two meridians connecting the north pole to the above- 

a full rotation of Pluto. The thick horizontal red line segment shows the mentioned points defines y in terms of the other variables and simplifies 
regions along latitude /, that are currently illuminated by sunlight. The derivations of average energy fluxes. 

angle 7 is the angular distance between the Sun and the point of interest on 


Pluto’s surface (black dot labelled ‘P’ at latitude I,), as measured from the 
centre of Pluto. The Sun is on the horizon when y= 90°, which we define 
to occur at the meridional angle of 3 = Bmax. The spherical triangle formed 
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Extended Data Figure 3 | Effects of Pluto’s eccentricity on insolation. Incident radiation from Charon, a 0.1% effect, moves the solid e= 0.266 
Here we zoom in on the region surrounding Sputnik Planitia and show curve slightly to the right, most noticeably at the equator, as indicated by 
(solid curves) the solar energy flux with Pluto at its minimum (e= 0.222), the dashed curve and discussed in Methods. Eccentricity effects are at the 
current (e= 0.25) and maximum (e = 0.266) eccentricity, assuming a 1% level, 20 times weaker than the obliquity effects highlighted in Fig. 1. 
present-day obliquity of 120°. Black arrows show the future changes that The effect of Pluto’s eccentricity varies with a 3.95-million-year period’. 
are expected as a result of these eccentricity variations. As we show in The maximum insolation to the entire planet occurred about 0.8 million 
Methods, Pluto's eccentricity affects insolation equally at all latitudes. years ago and the minimum will next occur in about 1.2 million years. 
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Ghost imaging with atoms 


R. I. Khakimov!, B. M. Henson!, D. K. Shin', S. S. Hodgman!, R. G. Dall!, K. G. H. Baldwin! & A. G. Truscott! 


Ghost imaging is a counter-intuitive phenomenon—first realized 
in quantum optics!?— that enables the image of a two-dimensional 
object (mask) to be reconstructed using the spatio-temporal 
properties of a beam of particles with which it never interacts. 
Typically, two beams of correlated photons are used: one passes 
through the mask to a single-pixel (bucket) detector while the spatial 
profile of the other is measured by a high-resolution (multi-pixel) 
detector. The second beam never interacts with the mask. Neither 
detector can reconstruct the mask independently, but temporal 
cross-correlation between the two beams can be used to recover a 
‘ghost’ image. Here we report the realization of ghost imaging using 
massive particles instead of photons. In our experiment, the two 
beams are formed by correlated pairs of ultracold, metastable helium 
atoms’, which originate from s-wave scattering of two colliding 
Bose-Einstein condensates**. We use higher-order Kapitza-Dirac 
scattering®* to generate a large number of correlated atom pairs, 
enabling the creation of a clear ghost image with submillimetre 
resolution. Future extensions of our technique could lead to the 
realization of ghost interference’, and enable tests of Einstein- 
Podolsky-Rosen entanglement? and Bell’s inequalities'® with atoms. 

Since the first experimental realization of ghost imaging with light 
more than twenty years ago’, following the original proposals some 
years previously’? there has been much interest in the technique’. 
Ghost imaging has found applications in areas including environmental 
sensing’? and cryptography’. Extension of these techniques has ena- 
bled ghost imaging in the X-ray domain'”'8, three-dimensional ghost 
imaging!” and even temporal ghost imaging, which could potentially 
lead to improved telecommunications®. Ghost imaging has produced 
sub-shot-noise images of weakly absorbing objects”! and, for low-light- 
level imaging when the number of registered photons per image pixel 
is less than one, has been shown to outperform conventional imaging 
in terms of contrast””. 

There was considerable debate as to whether ghost imaging is a 
semi-classical or a quantum-optical phenomenon. It has been shown 
that ghost imaging can be realized either using a source of thermal*?4 
or pseudothermal?> photons, or using correlated photon pairs 
(bi-photons) such as are created in spontaneous parametric down con- 
version (SPDC)**. Thermal or pseudothermal ghost imaging is not a 
quantum effect and can be explained semi-classically, whereas SPDC 
ghost imaging requires quantum theory to describe some aspects of 
its quantitative performance and can demonstrate violation of Bell’s 
inequalities'®. However, the key enabler of ghost imaging (whether 
using thermal or quantum sources) is the existence of particle correla- 
tions in the source used for the ghost imaging. 

Experimental ghost imaging has so far been achieved exclusively 
with photons. Here we report on the experimental realization of ghost 
imaging using massive particles. As well as demonstrating comple- 
mentarity between light and matter for this phenomenon, realizing 
ghost imaging with atoms is a potential precursor to experiments 
that test fundamental concepts in quantum mechanics with massive 
particles, such as ghost interference, Einstein-Podolsky-Rosen 
entanglement and Bell’s inequalities?!%!?, Further, there could 
potentially be future applications such as real-time, in situ control 


of atom lithography while imaging the deposition remotely via the 
spatial (multi-pixel) detector. 

There are two main challenges to ghost imaging with massive par- 
ticles: first, the need for a source of such particles with the required 
correlation properties; and second, the need for a sufficiently high flux 
of particles to provide adequate measurement statistics. Atom cooling 
techniques that enable the creation and manipulation of Bose-Einstein 
condensates (BECs) allow such a source to be created. A schematic of 
ghost imaging using pairs of correlated, colliding atoms is illustrated 
in Fig. 1. 

As with optics, two types of atom sources can be envisaged. Like 
thermal light sources, a thermal ensemble of ultracold atoms possesses 
second- (1 <g’”) <2) and higher-order correlations, where g” is the 
second-order correlation function between two particles, as demon- 
strated via the Hanbury Brown and Twiss effect?®*; however, the flux 
of correlated atom pairs is usually very low. Alternatively, the degree 
of correlation can be enhanced by making a source comprised largely 
of correlated atom pairs. In our experiment, we use s-wave collisions 
between ultracold atoms*?, which can yield a high degree of second- 
order (two-atom) correlation (g?) > 2). This set-up is analogous 
to correlated bi-photon sources in that pairs of correlated particles 
are created at the same point in space and time. Like SPDC, these 
sources can exhibit quantum correlations”’ and demonstrate Bell’s 
inequalities*”. In fact, the high correlations and small spatial correla- 
tion width of our source mean it would be well suited to such meas- 
urements, although in our ghost imaging experiment it is the strong 
correlations between atom pairs rather than any quantum entangle- 
ment that enables ghost imaging. 


Figure 1 | Schematic of atomic ghost imaging. Correlated pairs of atoms 
created in a collision form two beams. One beam passes through the 

object to be imaged (‘O’) and the arrival times of the individual atoms are 
detected by a bucket detector (‘B’). The second beam never interacts with 
the object, but is detected with full temporal and spatial resolution by a 
multi-pixel detector (‘M’). A correlator (‘C’) then reconstructs the image of 
the object. 
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Figure 2 | Schematic of the experiment and resulting ghost image. 

a, The experiment starts by using Kapitza-Dirac diffraction laser beams 
(yellow arrows) to split the trapped BEC cloud (dark red sphere) into 
different momentum states (for simplicity, only the first diffraction 

order is shown as the clouds evolve in time). Binary atomic collisions 
populate an s-wave scattering halo (pale red sphere) with correlated pairs of 
opposite momenta (+k), which then expand as they fall under gravity (g). 
In the momentum space associated with the centre-of-mass reference 
frame, the BECs are situated at opposite poles of the s-wave scattering 
sphere. Some of the halo atoms pass through a mask placed 10 mm above 
the bucket port of the single-atom detector, while their diametrically 
opposing counterparts (separated by the dashed grey line) are registered 
by the multi-pixel port. b, Experimental data from 2,000 individual 
experimental runs showing the 11 halos produced in the collision process, 
where the individual atom counts are reconstructed in three-dimensional 
momentum space. Kapitza—Dirac diffraction produces 12 diffraction 
orders —6, ... +5 along e;. Collisions between each pair of adjacent orders 
result in 11 independent scattering halos. c, Individual ghost images from 
each of the halos from 68,835 experimental runs are combined to form the 
final image (bottom; scale bar, 5mm). Because of the difference in absolute 
velocities for different diffraction orders, the halos that land first cover 
only a fraction of the image. 


However, such a high degree of correlation usually requires a very 
low flux of atoms, which in turn would necessitate an extremely long 
data acquisition time. To overcome this problem, we developed a tech- 
nique to enhance the number of correlated atom pairs, while maintain- 
ing a high degree of correlation and therefore signal-to-noise ratio. 
We use higher-order Kapitza—Dirac diffraction to produce multiple 
distinct sources of s-wave-scattered atoms in each experimental run. 
Using multiple sources enables more than a tenfold increase in the 
data acquisition rate, thus making the experiment feasible—the data we 
present here represent around three weeks of full-time data acquisition. 
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The experiments start with a BEC of helium atoms in the metastable 
(2°S) state: “He*. This state enables single-atom detection with high 
efficiency because of the large internal energy of the atoms’. We mag- 
netically trap a BEC of about one million “He* atoms in the mj=+1 
sublevel with no discernible thermal fraction (see Methods for details). 
To produce an s-wave halo, we collide atoms in the BEC in two steps: 
(i) we out-couple nearly all atoms from the trap via a two-photon 
Raman transition to the magnetically insensitive sublevel m;=0 and 
(ii) we diffract the cloud into multiple momentum modes. This last step 
introduces a relative momentum difference between atoms in the dif- 
ferent diffraction orders, which collide and thus generate a series of 
s-wave scattering halos via binary collisions (Methods). We use the 
same laser beams for both Raman and Kapitza—Dirac pulses, with the 
latter Fourier-broadened to ensure we are in the Kapitza—Dirac regime, 
which populates multiple diffraction orders. Both Raman and Kapitza- 
Dirac pulses propagate along the (e,+e,)/-/2 directions as shown in 
Fig. 2a, where e,, ey and e, are the unit vectors along the x, y and 
z directions, respectively. These propagation directions result in 
momentum transfer along the vertical z axis, with the momentum dif- 
ference between any two adjacent diffracted ordershAk = + (2 hkoe,, 
where hikp is a single photon recoil, kp =27/A and \= 1,083.1979 nm is 
the photon wavelength. In k-space associated with the centre-of-mass 
reference frame, each s-wave scattering halo comprises atoms on a 
sphere of radiusk, = Ak /2=ko/-/2, which reflects energy and momen- 
tum conservation, as shown in Fig. 2a. 

After the collision, the expanding halo falls approximately 850 mm 
under gravity onto a detector that consists of two multi-channel plates 
and a delay line, which records the arrival positions and time (x, y, t) 
of individual atoms. We then transform this three-dimensional infor- 
mation into the momenta (k,, k,, kz) of individual atoms, which is 
plotted in Fig. 2b to show the 11 halos produced in the collision process. 
The dark clouds represent BECs in different diffraction orders @ with 
an s-wave halo situated between each of the corresponding orders 
(€, €+1). The centre of each halo is on the momentum-transfer axis z. 
Also clearly visible are the portions of larger-diameter halos from 
non-adjacent orders (¢, +2), (¢, +3) and so on, as well as halos 
formed by single-photon spontaneous scattering from the diffraction 
laser. The halo populations follow that of different orders in the 
Kapitza—Dirac effect and, asa consequence, the average number of 
atoms per halo decreases from about 370 for (£, +1) =(0, +1) to 
about 50 for (+5, +6). 

Ghost imaging is demonstrated by placing a thin metal mask 10 mm 
above the detector, which covers a portion of the detector’s surface such 
that only a fraction of the s-wave halo (containing at most one atom 
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Figure 3 | Cross-correlation function. The main plot shows 20, 0, Az) 
as a function of only the vertical coordinate Az. The solid line is a 
Gaussian fit, which has an r.m.s. width of 0, = 0.37 mm, corresponding 
to the correlation length. Error bars show the statistical error over 

the 54,473 experimental runs. The inset shows g(Ax, Ay, 0) for the 
experimental data. 
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Figure 4 | Resolution and visibility of the ghost image. a, Ghost image 
(top) of the vertical bars of the ‘U’ (indicated by the yellow bars). The 
image is integrated vertically to yield an intensity (bottom, circles), which 
is fitted with the convolution with the PSF (bottom, solid line). This yields 
a width (representing the imaging resolution) of 0.40 mm. b, The visibility 
(V=(I— B)/(I+ B)) is shown as a function of the number of halos (Nnatos) 


from each correlated pair) passes through the mask. The rest of the 
atoms are detected directly, without any interaction with the object, 
as shown in Fig. 2a. The detector is artificially split into two regions: 
the bucket region, masked with the object we want to image, and the 
multi-pixel region, where the atoms are detected with full spatial and 
temporal resolution. On the bucket portion of the detector, only the 
time of arrival tis used for ghost image reconstruction, whereas for the 
multi-pixel detector we retain a full (x, y, ) set. The ghost image is then 
reconstructed in k-space using coincidence-counting between atoms in 
the multi-pixel port and the bucket port. Combining the independent 
images from halos in the different diffraction orders results in the ghost 
image shown at the bottom of Fig. 2c. The ghost image clearly resolves 
the object, which is a 15.5-mm-wide mask of the letters ‘ANU’ with line 
widths of approximately 0.75 mm. 

Following ref. 4, we characterize the correlations between atoms with 
almost equal, but opposite, momenta k, = —k, + Ak (where Ak= (Ak,, 
Ak,, Ak.) and the centre of each sphere has k= 0) by constructing the 
two-particle cross-correlation function ¢@(Ak). Figure 3 shows the 
second-order spatial correlation function between the two atoms g? 
for the halo from diffraction orders £=+3 and = +4. To facilitate 
analysis of the ghost image resolution, we convert ¢)(Ak) into spatial 
coordinates, denoted g?)(Ar) (where Ar=(Ax, Ay, Az); Methods). 
The key factor limiting the image resolution is the finite width of g° — 
the correlation length. 

A smaller average number of counts per halo is beneficial, because it 
leads to a higher peak g (ref. 4) and, consequently, a lower probability 
of registering false coincidence counts, which contribute to the ghost 
image background. Multi-order Kapitza—Dirac diffraction is therefore 
crucial for this type of experiment, because it allows a large number of 
relatively dilute s-wave halos to be populated and detected in a single 
experimental run, thereby substantially decreasing the required exper- 
imental run-time. 

In the x-y plane of the detector, the absolute image resolution is 
limited by the real-space widths of g?(Ax, Ay, 0), whereas the spread 
along z contributes to background counts during image reconstruction. 
The g?(Ax, Ay, Az) data in Fig. 3 are fitted with a three-dimensional 
Gaussian function f(Ar) =1 + Aexp|— Ax?/(20%) - Ay?/(205)— 


Az?/ (202)} yielding root-mean-square (r.m.s.) widths of {o,,,2} = {0.43, 


0.39, 0.37} + 0.01 mm (errors given here and elsewhere represent 
the standard deviation), which are set by a combination of the spatial 
correlation length and the detector resolution. 

Our ghost imaging resolution can also be estimated by analysing 
the image of a known shape, which we do in Fig. 4a for the bars of 
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N, 


halos 


that are accumulated to form the image. I is the mean intensity within the 
shape to be imaged (yellow ‘N; as shown in the inset) and B is the mean 
intensity outside the ‘N’ Each plotted image is the result of accumulating 
reconstructed images from different s-wave halos. The dashed curve is a 
guide to the eye; error bars show the standard error of the mean across the 
image pixels. 


the “U; which are known to be 0.77 mm wide. Fitting the convolution 
of the object with a one-dimensional Gaussian point spread function 
(PSF) gives the r.m.s. width of the PSF as 0.40 + 0.03 mm along the 
x direction (Methods). This value is in good agreement with the value 
of 0, =0.43 + 0.01 mm obtained from the analysis of the g widths. 

In Fig. 4b we plot the visibility V=(J— B)/(I+ B) of the ghost 
image’, where I is the average intensity of the ghost image within the 
mask region (yellow lines) and B is the average intensity outside this 
region. We show an increase in the visibility of the ghost image as we 
cumulatively add contributions from different diffraction orders. The 
optimal, final image utilizes nine halos and has a visibility of about 
35%, in agreement with a simple analytical model for our experimental 
parameters (Methods). 

In conclusion, by using higher-order Kapitza—Dirac diffraction, we 
are able to extend the technique of pair production via s-wave scatter- 
ing and demonstrate more than a tenfold increase in the number of 
correlated pairs available for each single experimental run. Because 
we created a source of strongly correlated atom pairs, by analogy with 
SPDC we are able to generate very high second-order g”) correla- 
tion values that greatly exceed the maximum thermal value of two, 
with maxima in our case reaching g)(0, 0, 0) 250. Using this source 
of correlated twin beams we performed ghost imaging with atoms, 
achieving good visibility and showing that the sub-millimetre resolu- 
tion of the image is limited by the two-particle correlation function of 
the atomic momenta. Extending the techniques demonstrated in this 
experiment could enable fundamental tests of quantum mechanics 
using massive particles”. 


Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper. 
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METHODS 


Experimental apparatus. The He* BEC is initially trapped in a bi-planar 
quadrupole Ioffe-configuration magnetic trap*’, with harmonic frequencies of 
{Wx, Wy, Wz}/(2m) & {15, 25, 25} Hz and a bias field of By = 1.31 + 0.01 G along the 
x axis. The 80-mm-diameter multi-channel plate and delay-line detector are 
located about 850 mm below the trap centre (corresponding to a fall time of about 
416 ms), with a spatial resolution in x and y of approximately 120j1m, a temporal 
resolution along z of approximately 2 ns and a quantum efficiency of around 10%. 
Diffraction. Similarly to previous work”, we use the same laser beams for both 
Raman and Kapitza-Dirac pulses, changing only the relative frequency detuning 
of the waveforms, which is set by the bias By and the geometric angle between the 
beams (90°). The laser is blue-detuned by 2 GHz from the 2°S,-2°P transition. 
The Raman transition in the beginning of the sequence also results in the cloud 
acquiring a momentum change of ./2 fikge,, which sets the centre-of-mass of the 
cloud in downward motion. The duration of the out-coupling Raman 7 pulse is 
t,=1.8,s, with a transfer efficiency of about 95%. This pulse is immediately fol- 
lowed by a 1.4-|1s Kapitza—Dirac pulse. The maximum intensity of each laser beam 
is approximately 450 mW mm * for the Raman pulse and 30 mW mm * for the 
Kapitza—Dirac pulse. Each of the pulse sequences is modulated with an overall 
Gaussian envelope to control Fourier broadening. Thus, the broadening of the 
Raman pulse was optimized to maximize the transfer to the magnetically insensi- 
tive sublevel m;=0, and the Kapitza—Dirac pulse was set to maximize the number 
of diffraction orders generated (L). 

In our experiment we achieved L= 12 orders, which consequently produced 
L—1=11 s-wave halos between the adjacent orders, as pictured in Fig. 2b. In 
principle, by increasing the laser power of the diffraction beams, we could raise 
Leven further, generating more halos with lower density and therefore possessing 
higher correlations. However, it is optimal to have L= 12 for the ghost imaging 
configuration in our experiment because of the relatively high absolute velocity of 
the “He* atoms in the higher diffraction orders: for = £6, v-= +78 cms~!. There 
are two problems that arise for |¢|>6 in our set-up: (i) fast travelling, 
downwards-kicked halos do not expand enough to cover the object mask before 
falling onto the detector (Fig. 2c), and (ii) upwards-kicked halos will be lost 
through hitting the top of the vacuum chamber. 

We also observe larger-diameter halos from the non-adjacent orders (¢, +2), 
which are reconstructed only partially because they expand beyond the detector 
size. In principle, g” peaks should be higher for these larger halos, because the 
scattering modes overlap less*. However, the population of these halos is too low 
to make them usable here. 

The non-zero halo thickness 5k (1.m.s.) is due to uncertainty-limited broadening 
from the finite size of the condensates, as well as mean-field interactions 
in the BEC during expansion of the halo. In our experiments, we observe 
dk/k, = 0.034 + 0.003. 

Correlation function. For independent s-wave halos originating from different 
diffraction orders (Fig. 2b), we construct a second-order normalized cross- 
correlation function in k-space: 


[G%Ak, —k+ Ak) Pk 


J (n(k) (n(—k + Ak) Bk . 


ZO(Ak) = 


where G?(k, —k-+ Ak) is the un-normalized two-particle cross-correlation 
function. Because of the spherical symmetry of the s-wave halo in momentum 
space, it is convenient to perform the analysis with atomic momenta. However, 
to allow a spatial resolution to be extracted, the final results are converted to 
spatial units as g?)(Ar). Because we know the time-of-flight to the detector T;, we 
can change the coordinate representations of the detected atom position, from 
velocity (momentum) space to position space or position and time: (Vv, Vy, Vz) or 
(kx, ky, kz) — (x, y, Z) (x, y, t). For the spatial coordinate representation for 
g?)(Ar) in Fig. 3, we convert atom velocities Av=hAk/m, where m is the mass 
of a *He* atom, to spatial coordinates in the x-y plane of the detector: Ar= T;Av. 
Similar to previous work*’, the normalization in Equation (1) is performed by 
calculating Gk, —k-+ Ak) across different experimental runs, because the atoms 
will be uncorrelated between runs. 

We find that the r.m.s. widths of g® are approximately constant across all 
diffraction orders. Note that the correlation lengths we measure are actually 
a convolution of the real correlation length with the detector resolution 
(approximately 120,1m). 

The error estimate in the numerical evaluation of g) can be expressed as a 
standard deviation of the atom count frequencies (which represent the numerator 
of Equation (1) normalized to the same denominator). The error bars in Fig. 3 
represent a 20 confidence interval. The data used to produce Fig. 3 were taken from 
54,473 experimental runs under identical experimental conditions to those used 


to produce the ghost image, but without the object mask in front of the detector 
because the mask blocks a large portion of the halos. 
Ghost image. The target to be imaged was made out of a laser-cut 0.4-mm-thick 
stainless steel sheet. A microscope image of the object used for the ghost imaging 
is shown in Extended Data Fig. 1. 

The ghost image is reconstructed in k-space using coincidence-counting 
between the atoms detected in the multi-pixel port my and the bucket port np: 


Clk ky) = nyt (kx, ky, k,) ® ng(— k, + Ak:) (2) 


The correlator in Equation (2) is calculated in momentum space and accepts 

two counts from my and ng as a valid coincidence if they occur within the corre- 
lation length along the z (time) direction, which in spatial coordinates corresponds 
to |Az|<o-. The correlation length 0; is given by the ge?) width of 0.37 mm (see 
Fig. 3). If the two counts are determined to be correlated, then the coordinates 
(kx, ky) on the multi-pixel detector are recorded and added to the image. Next, 
analogously to @, we convert the image Clk, ky) to spatial coordinates C(x, y) in 
the detector plane z= 0. This image is shown in Fig. 2c. 
Image resolution and visibility. We estimate the resolution of our ghost imaging 
configuration by taking the ghost image of the vertical bars from the ‘U’ of the 
‘ANU’ mask (Extended Data Fig. 1), and fitting it with the convolution Q(x) = b*«h 
of the real object shape b(x) and the Gaussian PSF h(x) = A+ Cexp|— x?/ (2s;)}- 
Therefore, using the r.m.s. width s, of the PSF as one of three free parameters of 
the fit, we can compare the resolution of the ghost image along the x direction with 
the correlation length along that axis. As stated in the main text, we find 
sy = 0.40 + 0.03 mm, which is in good agreement with the r.m.s. width of 
ox=0.43 + 0.01 mm extracted from g”. 

We characterize the visibility of the ghost image by comparing the average inten- 
sity I within the mask region to the average intensity B outside the mask: 


_I-B 


~~ I+B (3) 


where J is calculated within the region that matches the object mask. This region is 
determined by manually overlapping an ‘N’-shaped region with the exact dimen- 
sions of the mask on top of the ghost image. 

The visibility will be reduced from the ideal value of one as a result of three main 
factors. First, any atom pairs in the halo that are uncorrelated, but arrive within 
the same time window, will result in a false count, which will reduce the visibility; 
however, given the high degree of correlation present in our halos (as evidenced by 
the large g? peaks), this will be a small contribution. Second, there are stray back- 
ground counts due to particles not generated by s-wave scattering (about 2.5 counts 
per halo in the region of interest) and to the dark count rate of the multi-channel 
plate (about 0.2 counts per halo), which can lead to false correlations. Finally, 
the major limiting factor to our visibility is the spatial resolution of our imaging 
procedure (0,,, 400 1m), which is related to the detector resolution and the finite 
spatial correlation length, and results in blurring around the edges of the image. 
This blurring has a particularly strong effect on the visibility because the smallest 
features of the mask are within a factor of two larger than the spatial resolution. 

The effect of spatial resolution on visibility is illustrated by an estimate of V in 
the x dimension, where the mask feature size d, is around twice the correlation 
length: d,20,. The ratio I/B for this regime can be approximated by exploiting 
the Gaussian shape of the convolving PSF h(x) (width o,) as follows. If calculated 
over approximately equal areas of the image, both J and B are proportional to 

h(x)dx (because the integral of the convolution here is approximately equal to 
the product of the integrals). I is integrated over the object region |x| < o,, whereas 
Bis calculated outside the object, |x| > o,. Thus, we obtain I/B = 0.68/0.32, yielding 
V 0.36, which is in good agreement with the visibility of V 0.35 for the ‘N’ in 
Fig. 4. 

Because the ghost imaging resolution o;,, is a combination of the detector 
resolution and the spatial correlation length of the halo, reducing either would 
yield better visibility. In our case these contributions are roughly equal, so making 
either of them negligible (that is, in the limit of either perfect detector resolution 
or zero spatial correlation length) would improve our resolution by a factor of 
about two, which in the above integration would in principle increase the visibility 
to V0.9. However, in reality we would not achieve such high visibility, because 
false coincidences due to uncorrelated atoms or dark counts of the detector limit 
our ultimate visibility to V~ 0.8, even for perfect spatial resolution and a negligible 
correlation length. 

Extended Data Fig. 2 shows the ghost image visibility for images from each 
individual halo as a function of the average atom number (N,) in that halo. The 
inset shows the corresponding object (the letter ‘N’) and its ghost image for the 
halo with the highest number of counts. Because of the different centre-of-mass 
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velocities, the halos with the smallest time-of-flight only partially cover the mask. 
The first two halos to arrive onto the detector, (+6, +5) and (+5, +4), have a small 
halo population (N,) and minimal overlap with the mask, which results in a weak 
ghost image signal relative to the background and hence V<0. Therefore, these 
halos were not used to produce the cumulative ghost image shown in Fig. 4. 
Equation (3) gives high visibility values (many counts within the object region and 
a small background) even if the halos do not cover the object completely and thus 
do not generate a full representation of the entire image. However, we used this 
visibility definition to be consistent with that used in the photon ghost imaging 
literature”. 
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Data availability. The data that support the findings of this study are available 
from the corresponding author upon reasonable request. 
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Extended Data Figure 1 | The object. Microscope image of the mask used to create the ghost image. The region indicated by the dashed line forms the 
vertical bars shown in Fig. 4a, which was used to determine the ghost imaging resolution. 
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Extended Data Figure 2 | Ghost image visibility. Visibilities (dots) for images (insets) reconstructed from each individual halo with different average 
numbers of atoms (N,). Diffraction orders producing the halos are labelled as (¢ + 1, ¢). The dashed curve is a guide to the eye. Error bars represent the 
standard error of the mean associated with the variances of the pixel values contributing to J and B. 
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The majority of the Earth’s terrestrial carbon is stored in the soil. 
If anthropogenic warming stimulates the loss of this carbon to the 
atmosphere, it could drive further planetary warming!*. Despite 
evidence that warming enhances carbon fluxes to and from the 
soil®®, the net global balance between these responses remains 
uncertain. Here we present a comprehensive analysis of warming- 
induced changes in soil carbon stocks by assembling data from 
49 field experiments located across North America, Europe and 
Asia. We find that the effects of warming are contingent on the size 
of the initial soil carbon stock, with considerable losses occurring 
in high-latitude areas. By extrapolating this empirical relationship 
to the global scale, we provide estimates of soil carbon sensitivity to 
warming that may help to constrain Earth system model projections. 
Our empirical relationship suggests that global soil carbon 
stocks in the upper soil horizons will fall by 30 + 30 petagrams 
of carbon to 203 + 161 petagrams of carbon under one degree of 
warming, depending on the rate at which the effects of warming 
are realized. Under the conservative assumption that the response 
of soil carbon to warming occurs within a year, a business-as-usual 
climate scenario would drive the loss of 55 +50 petagrams of 
carbon from the upper soil horizons by 2050. This value is around 
12-17 per cent of the expected anthropogenic emissions over this 
period”*®. Despite the considerable uncertainty in our estimates, the 
direction of the global soil carbon response is consistent across all 
scenarios. This provides strong empirical support for the idea that 
rising temperatures will stimulate the net loss of soil carbon to the 


atmosphere, driving a positive land carbon-climate feedback that 
could accelerate climate change. 

The exchange of carbon (C) between the soil and atmosphere 
represent a prominent control on atmospheric C concentrations and 
the climate®?. These processes are driven by the organisms (plants, 
microbes and animals) that live in the soil, the activity of which could 
be accelerated by anthropogenic warming’®. If warming stimulates 
the loss of C into the atmosphere, it could drive a land C-climate feed- 
back that could accelerate climate change. Yet despite considerable 
scientific attention in recent decades, there remains no consensus on 
the direction or magnitude of warming-induced changes in soil C1". 
There is growing confidence that warming generally enhances fluxes 
to and from the soil®!”, but the net global balance between these 
responses remains uncertain and direct estimates of soil C stocks are 
limited to single-site experiments that generally reveal no detectable 
effects* 13-19, 

Given the paucity of direct measurements of the responses of soil 
C stocks to warming, Earth system models (ESMs) must rely heavily 
on the short-term temperature responses of soil respiration (Qjo) to 
infer long-term changes in global C stocks. Without empirical obser- 
vations that capture longer-term C dynamics, we are limited in our 
ability to evaluate model performance or to constrain the uncertainty 
in model projections!®. As such, the land C-climate feedback remains 
one of the largest sources of uncertainty in current ESMs'*!*"7, restrict- 
ing our capacity to develop C emissions targets that are compatible 
with specific climate change scenarios. Direct field measurements 
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Figure 1 | The effect of warming on soil C losses depends on the initial 
standing soil C stock. The interaction between warming (degree-years) 
and standing C stocks is a primary determinant of the final warmed soil 

C stocks in the top 10 cm of soil (estimated using a mixed effects model; 
n= 229; see Supplementary Information). Each point represents the 
difference (mean + standard error) between soil C stocks in warmed and 
ambient plots within an individual experiment. The size of each point 
represents the length of the individual study and the colour indicates the 
amount of warming. The shaded area represents the bootstrapped 95% 
confidence interval (R? = 0.49: see Supplementary Information for details). 


of warming-induced changes in soil C stocks are urgently needed to 
increase confidence in future climate projections’®. 

We took advantage of the growing number of climate change exper- 
iments around the world to compile a global database of soil C stock 
responses to warming. Soil samples were collected from replicate plots 
in 49 climate change experiments conducted across six biomes, ranging 
from arctic permafrost to dry Mediterranean forests (Extended Data 
Fig. 1). We compared soil C stocks across warmed (treatment) and 
ambient (control) plots to explore the effects of temperature across 
sites. The measured differences in the soil C stocks represent the net 
result of long-term changes in soil C inputs (plant production) and 
outputs (respiration) in response to warming. By linking these soil C 
responses to climatic and soil characteristics, we are able to generate a 
spatial understanding of the temperature sensitivity of soil C stocks at 
a global scale. To standardize collection protocols and account for the 
considerable variability in soil horizon depths, we focus on C stocks in 
the top 10cm of soil. At a global scale, this upper soil horizon contains 
the greatest proportion of biologically active soil C’. 

The effects of warming on soil C stocks were variable, with pos- 
itive, negative and neutral impacts observed across sites (Fig. 1). 
However, the direction and magnitude of these warming-induced 
changes were predictable (Fig. 2) as they are contingent on the size 
of the standing soil C stocks and the extent and duration of warming. 
The interaction between control C stocks and degree-years (the 
standardized metric used to represent the multiplicative product of 
the extent (in °C) and duration (in years) of warming) was a strong 
explanatory variable when predicting warmed C stocks (additive 
model Akaike information criterion (AIC) = 383 versus multiplicative 
model AIC = 381; see Supplementary Information and Equation (1)). 
Specifically, the effects of warming were negligible in areas with 
small initial C stocks, but losses occurred beyond a threshold of 
2-5kgC m~? and were considerable in soils with >7 kgC m~? 
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Figure 2 | Validation plots highlighting the predictive strength of 

the statistical model. a, Predicted versus observed soil C stock values 

in warmed treatment plots (estimated using statistical Equation (1), 

R? = 0.95; this high value is driven by the correlation between C values 
in the control and warmed plots). The black points represent the mean 
values for each study, and the shaded area represents the density of 
1,000 simulated points randomly selected from within the normal 
distribution for each study. The 1:1 line is included to highlight perfect 
correspondence between the predicted and observed points and 
distributions. b, Bootstrapped estimates of the model (Equation (2)) 
slope values for different sample sizes. Studies were removed at random, 
the slope coefficient was calculated and this was repeated 1,000 times. 
Each point represents a bootstrapped estimate of slope for the model that 
included any given number of studies, and we include the interquartile 
range and median slope estimates for each number. The average slope 
value remains unchanged until >38 studies have been removed from the 
initial analysis (with 49 studies), highlighting that the relationship we 
present is not disproportionately influenced by the effects of warming in 
any specific study or site. 


(Fig. 1). No other environmental characteristics (mean annual tem- 
perature, precipitation, soil texture or pH) significantly (P > 0.1) 
influenced the responses of soil C stocks to warming in our statistical 
models (additive environmental with degree-year model AIC = 388; 
see Supplementary Information). 

The dominant role of standing C stocks in governing the magnitude 
of warming-induced soil C losses is in line with both empirical and 
theoretical expectations'”-!°. The thawing of permafrost soils, where 
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Figure 3 | Spatial extrapolation of the temperature vulnerability of 
soil C stocks. a, Map of predicted changes in soil C stocks per pixel by 
2050 under the ‘no acclimatization scenario. This map was generated 

by extrapolating Equation (2) using spatially explicit estimates of soil 

C stocks” and soil surface temperature change” to reveal the spatial 
variation in projected changes in surface soil C stocks (0-15 cm depth) 
expected under a 1 °C rise in global average soil surface temperature. 
Note that Equation (2) reflects the maximum effect-time scenario, which 
generates the largest possible estimates of soil C change. This map also 
predicts C gains in tropical/desert regions that contain almost no soil 

C at present, but our lack of data in these mid-latitude regions means 

that we have low confidence in these effects. b, Total reductions in the 
global C pool under 1 °C and 2°C global average soil surface warming 

by 2050, as expected under a full range of different soil C effect-time 
scenarios (x axis). Note that effect-time refers to the rate at which the full 
soil C response to warming is realized. Shaded areas indicate the 95% 
confidence intervals around the average C losses (dots) for each scenario. 
The rapid effect-time scenarios (for example, one week to one year) result 
in lower total soil C losses than the maximum effect-time scenario, but all 
simulations reveal considerable global losses of soil C under warming over 
the next 35 years. 


limited C decomposition has led to the accumulation of large C stocks, 
will undoubtedly contribute to this phenomenon?™1. However, our 
analysis also revealed considerable soil C losses in several non-perma- 
frost regions, suggesting that additional mechanisms may contribute 
to the vulnerability of large soil C stocks. Presumably, the vulnerability 
of soils that contain large C stocks stems from the high temperature 
sensitivity of C decomposition and biogeochemical restrictions on the 
processes driving soil C inputs. In ecosystems with low initial soil C 
stocks, minor losses that result from accelerated decomposition under 
warming may be offset by concurrent increases in plant growth and 
soil C stabilization!?*. In contrast, in areas with larger standing soil 
C stocks, accelerated decomposition outpaces potential C accumula- 
tion from enhanced plant growth, driving considerable C losses to the 
atmosphere. 
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By combining our measured soil C responses with spatially explicit 
estimates of standing C stocks” and soil surface temperature change’, 
we reveal the global patterns in the vulnerability of soil C stocks (Fig. 3). 
Given that high-latitude regions have the largest standing soil C stocks”° 
and the fastest expected rates of warming!*”’, our results suggest that 
the overwhelming majority of warming-induced soil C losses are likely 
to occur in Arctic and subarctic regions (Fig. 3). These high-latitude C 
losses considerably outweigh any minor changes expected in mid- and 
lower-latitude regions, providing further support for the idea of Arctic 
amplification of climate change feedbacks’® (Fig. 3). These warming- 
induced soil C losses need to be considered in light of future changes in 
moisture stress and vegetation growth, which are also likely to increase 
disproportionately in high-latitude areas’*. Notably, the spatial distri- 
bution of soil C changes from our extrapolation contradicts projections 
from the CMIP5 archive of ESMs”*, which show increases in soil C at 
high latitudes—presumably due to the increases in plant productivity”. 
The warming-induced losses of soil C that we observe have the poten- 
tial to offset these vegetation responses, emphasizing the importance 
of representing soil C vulnerability in the process-based models that 
are used in climate change projections. 

We extrapolated this relationship over the next 35 years to indicate 
how global soil C stocks might respond by 2050. The simple extrapo- 
lation of our empirical relationship suggests that 1°C of warming over 
35 years would drive the loss of 203 + 161 PgC from the upper soil 
horizon (Fig. 3). However, this approach implicitly assumes that the 
effects of a given amount of warming are never fully realized (that is, 
C stocks fall continuously even under a small amount of warming), 
so are likely to markedly overestimate total soil C losses (see Methods 
for details). As with mechanistic models”®, our assumptions about 
the rate at which soil C responds to warming will strongly influence 
the magnitude of our predicted C losses (see Fig. 3b). If we make the 
conservative assumption that the full effects of warming are fully 
realized within a year, then approximately 30 + 30 PgC would be lost 
from the surface soil for 1°C of warming. Given that global average 
soil surface temperatures are projected to increase by around 2°C 
over the next 35 years under a business-as-usual emissions scenario!®, 
this extrapolation would suggest that warming could drive the net 
loss of approximately 55 +50 PgC from the upper soil horizon. If, 
as expected, this C entered the atmospheric pool, the atmospheric 
burden of CO) would increase by approximately 25 parts per million 
over this period. 

The global extrapolation of our empirical data is broadly intended 
to contextualize our measured changes in soil C stocks. We stress that 
such statistical approaches cannot be used to project soil C losses far 
into the future because, unlike process-based models, they cannot cap- 
ture the complex processes that govern long-term C dynamics. For 
example, extending the observed relationship over several centuries 
would lead to a global convergence of soil C stocks. Conversely, soil 
C stocks would increase exponentially in response to environmental 
cooling. Our linear extrapolation inherits weaknesses from simple 
single-pool models!””’. However, the value of such linear approxi- 
mations lies in their descriptive strengths rather than their predictive 
capabilities: instead of using short-term flux estimates to project long- 
term changes in C stocks, our approach allows the scaling of measured 
C differences over time frames (that is, decades) represented by the 
experimental studies. Our results capture the realized temperature 
sensitivity of current soil C stocks and can serve as a guideline (or 
target) for multi-pool process-based models. Specifically, these models 
can run forward simulations that attempt to reflect the outcomes of the 
warming experiments that we present. Those models that accurately 
capture the observed relationships between standing soil C stocks and 
losses under gradual step increases in global temperature are likely to 
be the most successful at projecting the land C-climate feedback into 
the future. 

Our analysis reveals a number of outstanding challenges facing empiri- 
cists and modellers that limit the certainty of current land C-climate 
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Table 1 | List of the major remaining gaps in our understanding of the land C-climate feedback 
Limitation 


Consequence 


Limited data on the sensitivity of C socks in 
deeper soil horizons 


Our global estimates of warming-induced C losses cannot represent the C losses from lower soil horizons, which 
are likely to enhance the magnitude of our reported effects 


Uncertainty regarding current estimates of 
global soil C stocks 


Our analysis highlights that soil C losses are highly dependent on the size of standing C stocks. Constraining our 
estimates of global soil C stocks should therefore be a research priority. 


Limited spatial scale of field warming This leads to considerable uncertainty regarding the sensitivity of C stocks in many parts of the world—the tropics 


experiments. None of our data were 
collected from tropical ecosystems. 


in particular 


Practical difference between soil warming 
experiments and ecosystem warming 
experiments 


Although most studies experimentally warm both the soil and plants within an ecosystem (that is, the whole 
ecosystem), many studies in forests are unable to capture the temperature responses of trees, which can limit 
comparison across ecosystem types. Depending on how trees respond to warming, soil C stock data from these 


sites might over-, or under-represent C losses. 


Limited global data on warming-induced 
changes in primary productivity 


Projecting these changes in soil C stocks into the future requires a mechanistic understanding of how warming 
affects each of the separate components of the ecosystem C cycle. The outstanding limitation, and major source of 


uncertainty, is the lack of data on warming-induced changes in soil C inputs at a global scale. 


Our analysis does not incorporate the 
interactive effects of other global change 
drivers 


Limited global data on the effects of biotic 
responses to warming at a global scale. 


Although temperature is a dominant factor driving changes in Earth system dynamics, the responses of other 
abiotic factors (including CO2 concentration, N enrichment and moisture availability) have potential to influence 
the strength of the relationships presented here. 


Our current understanding of global feedbacks is dominated by the physical sciences, but changes in the 
physiology and community compositions of organisms have been shown to have strong effects on the strength of 


this feedback. It is critical that we understand the importance of these effects at a global scale. 


We do not know how long it takes for the 
effects of warming to be realized. That is, 
we do not know how long soil communities 
take to acclimatize to warming. 

(around 50 PgC). 


Extrapolating these over time necessitates that we understand the rate at which the effects of warming occur 
(that is, how fast soils acclimatize to warming). If the effects or warming are realized slowly, then the estimated 
warming-induced losses of soil C by 2050 will be towards the upper end of the uncertainty bounds that we 
present (approximately 200 PgC), but if soils acclimatize rapidly, then they will be towards the lower end 


Each of these limitations represents a practical challenge that can be addressed by empiricists to improve the accuracy of benchmarking estimates or to parameterize process-based models that 


project soil C dynamics into the future. 


feedback predictions (see the list of critical research gaps in Table 1). 
These limitations fall into two distinct categories: more data are nec- 
essary to improve both our current global estimates of the tempera- 
ture sensitivity of soil C and modelling efforts to project these soil C 
responses into the future. First, along with the limited spatial and tem- 
poral scale of current warming experiments, perhaps the most critical 
limitation to our present analysis is the paucity of information about the 
responses of soil C stocks at depth (below 10cm). Although the sizes of 
C stocks decrease down the soil profile”®, any extra C losses from these 
deeper soil horizons will undoubtedly enhance the effects we present. 
Second, incorporating global soil C information into modelling frame- 
works requires a mechanistic understanding of how warming affects 
each of the individual components of the ecosystem C cycle. Now that 
we are beginning to generate a global picture of the temperature sen- 
sitivity of soil C losses (respiration)° and total C stocks, our limited 
understanding of how warming influences global soil C inputs remains 
a major source of uncertainty for modelling efforts'*”°. These efforts 
also require more information about the interacting effects of other 
global change factors that may simultaneously influence soil C dynamics. 
This non-exclusive set of practical challenges calls for concerted, coor- 
dinated investment in multi-factor climate change experiments for an 
extended period of time to generate the data necessary to improve 
confidence in future climate projections. 

In conclusion, our global compilation of experimental data allows 
us to see past the conflicting results from single-site studies and 
capture larger patterns in the sensitivity of soil C to warming. The 
warming-induced changes in soil C stocks reflect the net result 
of changes in C fluxes into and from the soil, which can augment 
modelling efforts to project Earth system dynamics into the future. 
Ultimately, our analysis provides empirical support for the long- 
held concern that rising temperatures stimulate the loss of soil C 
to the atmosphere, driving a positive land C-climate feedback that 
could accelerate planetary warming over the twenty-first century*. 
Reductions in greenhouse gas emissions are essential if we are to 
avoid the most damaging effects of this feedback over the rest of the 
century. 


Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper. 
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METHODS 


Data collection and standardization. Total percentage C and bulk density (BD) 
data (n = 456) were collected from each of the replicated warmed and ambient 
plots within 49 experimental warming studies located across North America, 
Europe and Asia. In several of these sites, it was not possible to access these data 
for deeper soil horizons. We therefore standardized collection protocols and 
account for the considerable variability in soil horizon depths by focusing on the 
top 10cm of soil, which contains the majority of the biologically active C. Soil C 
stocks were then calculated for each plot (percentage C x BD/100), and expressed 
as the total mass of C (kg m~? soil) in the top 10cm of each plot. Metadata for each 
study included the mean annual difference in soil surface temperature between 
warmed and ambient plots and the duration of experimental warming. These 
were multiplied together to generate the standardized degree-years metric (which 
reflects the extent and duration of warming) to permit the comparison of warming 
effects across sites. Other collected data included a site-specific geospatial refer- 
ence (latitude and longitude), which was linked to spatially explicit estimates of 
soil characteristics (pH and texture using the SoilGrids database’’) and climate 
(using the Bioclim database) following the procedure used in ref. 29. These 
climate and soil characteristics were then used to explore the dominant controls 
on the sensitivity of soil C stocks to warming across our global compilation of 
experimental studies. 

Some of the climate change studies in this analysis contained multiple separate 

warming experiments. Degree-years and soil C were calculated independently 
for each study within a site, but all other environmental data were shared. In addi- 
tion, some sites included multifactor climate change studies. For these studies, 
ambient and warmed plots were only compared under equivalent experi- 
mental conditions so that all other conditions remained consistent between 
treatments. 
Statistical analysis. We fitted linear mixed models (LMMs) to evaluate the factors 
that correlate with the measured soil C stocks following warming. Study site was 
included as a random factor because clustering replicates by location could intro- 
duce spatial autocorrelation*’. The LMMs were fitted assuming a Gaussian error 
distribution in the lme4 package for the R statistical program. We constructed 
LMMs that included all of the putative explanatory variables to explain warmed 
soil C stocks including treatment variables (degrees warmed and degree-years) 
and environmental characteristics (standing soil C stocks (control C stocks), mean 
annual temperature, mean annual precipitation, pH (as H* ion concentration) and 
soil texture (with percentage clay as the representative variable)). Given the mark- 
edly different ranges in magnitudes of the explanatory variables at a global scale, 
variables were standardized using a z transformation before use in final models*° 
although the response variable (soil C stock) was not standardized. Further, given 
a positive skew in the distributions of degrees, degree-year and control soil C, these 
variables were also natural-log transformed. Neither of these data transformations 
significantly altered the statistical outputs, so both were retained in final models. 
The only independent variables that were strongly correlated (pairwise coefficients 
>0.4) were mean annual temperature and mean annual precipitation, and mean 
annual temperature and percentage clay. 

Model selection was performed using maximum likelihood comparison of 
competing models (see Supplementary Information), using AIC and Bayesian 
information criterion (BIC) approaches that provided identical results. Only 
warming (degrees and degree-years) and standing C stock (control soil C) were 
retained in the most parsimonious models, (full model AIC = 381 versus final 
model AIC = 372; Supplementary Tables 6 and 7) and the best-fit model included 
an interaction between these two variables (additive model AIC = 375 versus mul- 
tiplicative model AIC = 372; Supplementary Table 7). All reported P values are 
quasi-Bayesian, rather than the classical frequentist P values, but retain the same 
interpretation. We considered coefficients with P < 0.05 significant and coefficients 
with P< 0.10 marginally significant. Variance explained by the model was also 
estimated by calculating R? values for the minimally adequate LMM to retain the 
random effects structure. 

The final statistical model was: 


Cw=aC(ATAP) + bC, + d(AT AP) +¢ (1) 


where C,, is the C stock in the warmed treatment, C, is the C stock in the control 
plots, ATAt is the degree-years calculated by multiplying the degrees warmed by 
the length of the treatment, ¢ is the random effects term that controls for study 
site (see Supplementary Information) and a,b,d represent fitted coefficients for 
the statistical model. 
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Statistical model development. To scale the changes in soil C stocks, we rear- 
ranged our statistical equation to describe the relationship between standing soil 
C stocks (control C stocks) and warming (degree-years) over time: 


= fCe +8 (2) 


This new model explained a considerable proportion (R* = 0.606; Supplementary 
Table 7) of the difference in soil C stocks between studies over treatment. This is 
further highlighted in Fig. 2. 

We used sample-based bootstrapping (as opposed to the study-based boot- 
strapping in Fig. 2b) to evaluate the strength of this simple statistical relationship 
and to generate a margin of error for global soil C stock projections. Equation (1) 
was extrapolated with 95% confidence interval bounds by randomly selecting 200 
samples from all studies, randomizing the control-warmed pairings and repeating 
the regression 1,000 times. This resulted in normally distributed parameters (see 
Supplementary Table 4) with the following 95% confidence interval. The intercept- 
slope pairs were then sampled to create the grey margin of error seen in Fig. 1. 

The inclusion of a linear effect of time in our analysis implicitly assumes that the 
effects of warming on soil C stocks are never fully realized. That is, it assumes that even 
a small amount of warming would continue to drive C losses indefinitely, even if the 
temperature were held constant. However, it is likely that C stocks would ultimately 
plateau (that is, acclimatize), as the full effects of warming are realized after a given 
period of time. As such, the assumption that the warming effects are never fully real- 
ized is likely to overestimate total soil C losses (see Fig. 3). But we do not know how 
long it takes for the full effects of warming to be realized (that is, how long it takes the 
soil to plateau/acclimatize after warming). To explore the importance of this effect- 
time in determining the magnitude of soil C losses in our extrapolation, we repeated 
the analysis across a full range of scenarios, where the effect-time of warming varied 
continuously. To simulate different effect-times, we successively capped the study 
years (or experiment duration) at 1 week, 1 month, 6 months and 1, 5, 7, 8.75, 11.6 and 
17.5 years, then re-ran the linear regression described above (Equation (2) with the 
sample-based bootstrapping). The resulting coefficients are in Supplementary Table 4. 
Extrapolation. To estimate the changes in global soil C stocks under projected 
warming scenarios we applied linear changes in soil temperature that result in a 
mean warming of 1°C or 2°C by 2050 (over 35 years); this warming is spatially 
distributed in a manner consistent with surface soil temperature projections from 
a single ensemble of the Community Earth System Model (CESM) that was sub- 
mitted to the CMIP5 archive under RCP8.5 run from 2005 to 2050. We estimated 
initial soil C stocks in the upper soil horizon (0-15 cm) from the SoilGrids 50 km? 
product”, which was regridded using bilinear interpolation to the same spatial 
scale of soil surface temperature projections (roughly 1°). 

The temporal extrapolations across the 35 years (until 2050) were applied 
separately for each of the possible effect-time scenarios described above. First, 
the single-time-step approach used the coefficients listed above and illustrated in 
Fig. 1 to generate a 95% confidence interval for projected C losses. On average, 
roughly 17.5 degree-years and 35 degree-years were seen cumulatively across the 
globe for the 1°C and 2°C warming scenarios, respectively. The exact warming 
seen by any individual grid cell was determined by the relative temperature shifts 
predicted by the CESM run described above. Each subsequent effect-time scenario 
was then extrapolated using a given time step for a forward integration where the 
change in soil C over that time was based on the soil C stock at the beginning and the 
degree-year change experienced by that site over the duration of at respective 
time step. For example, the 1 yr effect-time scenario used the coefficients from 
the analysis where experimental duration was capped at 1 yr (see Supplementary 
Table 4), and was extrapolated to 2050 using the sum of 35 annual time steps. The 
predicted soil C losses for a global average warming of 1 °C and 2°C over 35 years, 
based on each of the full range of effect-time scenarios, is presented in Fig. 3b. This 
reveals how our assumption about effect-time influences the magnitude of our final 
expected C losses. Given that the effects of warming are likely to be realized within 
a year, we have expanded on the annual time-step option. 

Code availability. The R code for the full analysis can be found in Supplementary 
Information. 

Data availability. The data that support the findings of this study are available 
from the corresponding author upon reasonable request. 


29. Crowther, T. W. et al. Mapping tree density at a global scale. Nature 525, 
201-205 (2015). 

30. Gelman, A. Scaling regression inputs by dividing by two standard deviations. 
Stat. Med. 27, 2865-2873 (2008). 
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Extended Data Figure 1 | Map of the study locations. The sizes of the points represent the number of separate warming experiments at that location and 
the colours indicate the biomes (as delineated by The Nature Conservancy; http://www.nature.org). 
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rhythms of shorebirds 


Martin Bulla!, Mihai Valcu', Adriaan M. Dokter?, Alexei G. Dondua*, Andras Kosztolanyi*, Anne L. Rutten!®, Barbara Helm’, 
Brett K. Sandercock®, Bruce Casler?, Bruno J. Ens, Caleb S. Spiegel!’, Chris J. Hassell'?, Clemens Ktipper’’, Clive Minton", 
Daniel Burgas'®!°, David B. Lank!”, David C. Payer'®, Egor Y. Loktionov’’, Erica Nol?°, Eunbi Kwon”, Fletcher Smith”, 


H. River Gates**?4,°, Hana Vitnerova*°, Hanna Priiter?’, James A. Johnson, James J. H. St Clair?*:?°, Jean-Francois Lamarre*®, 
Jennie Rausch*!, Jeroen Reneerkens*, Jesse R. Conklin*’, Joanna Burger*’, Joe Liebezeit**, Joél Béty*°, Jonathan T. Coleman 


30 
35 
’ 


Jordi Figuerola*®, Jos C. E. W. Hooijmeijer**, José A. Alves?”°8, Joseph A. M. Smith®’, Karel Weidinger*®, Kari Koivula‘!, 

Ken Gosbell*”, Klaus-Michael Exo*’, Larry Niles**, Laura Koloski**, Laura McKinnon*®, Libor Praus*°, Marcel Klaassen*’, 

Marie- Andrée Giroux*®“°, Martin SladeGek®°, Megan L. Boldenow*!, Michael I. Goldstein®”, Miroslav Salek°°, Nathan Senner*?, 
Nelli R6nka*!, Nicolas Lecomte*’, Olivier Gilg?*°°, Orsolya Vincze**°, Oscar W. Johnson°’, Paul A. Smith*®, Paul F. Woodard*!, 
Pavel S. Tomkovich*’, Phil F. Battley®, Rebecca Bentzen®, Richard B. Lanctot**, Ron Porter®, Sarah T. Saalfeld?4, 


Scott Freeman, Stephen C. Brown?°, Stephen Yezerinac®*, Tamas Székely®°, Tomds Montalvo°, Theunis Piersma 


32,67 
’ 


Vanessa Loverti®®, Veli-Matti Pakanen*!, Wim Tijsen®’ & Bart Kempenaers! 


The behavioural rhythms of organisms are thought to be 
under strong selection, influenced by the rhythmicity of the 
environment! +, Such behavioural rhythms are well studied in 
isolated individuals under laboratory conditions’”, but free-living 
individuals have to temporally synchronize their activities with 
those of others, including potential mates, competitors, prey and 
predators® '°. Individuals can temporally segregate their daily 
activities (for example, prey avoiding predators, subordinates 
avoiding dominants) or synchronize their activities (for example, 
group foraging, communal defence, pairs reproducing or caring 
for offspring)®**"!. The behavioural rhythms that emerge from 
such social synchronization and the underlying evolutionary and 
ecological drivers that shape them remain poorly understood>””. 
Here we investigate these rhythms in the context of biparental care, 
a particularly sensitive phase of social synchronization!” where 
pair members potentially compromise their individual rhythms. 
Using data from 729 nests of 91 populations of 32 biparentally 
incubating shorebird species, where parents synchronize to achieve 
continuous coverage of developing eggs, we report remarkable 
within- and between-species diversity in incubation rhythms. 
Between species, the median length of one parent’s incubation bout 
varied from 1-19h, whereas period length—the time in which a 
parent’s probability to incubate cycles once between its highest and 
lowest value—varied from 6-43 h. The length of incubation bouts 
was unrelated to variables reflecting energetic demands, but species 
relying on crypsis (the ability to avoid detection by other animals) 
had longer incubation bouts than those that are readily visible or who 
actively protect their nest against predators. Rhythms entrainable to 
the 24-h light-dark cycle were less prevalent at high latitudes and 
absent in 18 species. Our results indicate that even under similar 
environmental conditions and despite 24-h environmental cues, 
social synchronization can generate far more diverse behavioural 
rhythms than expected from studies of individuals in captivity? ””. 
The risk of predation, not the risk of starvation, may be a key factor 
underlying the diversity in these rhythms. 

Incubation by both parents prevails in almost 80% of non-passerine 
families!> and is the most common form of care in shorebirds!*. 
Biparental shorebirds are typically monogamous’», most species lay 
three or four eggs in an open nest on the ground’ and cover their eggs 
almost continuously’. Pairs achieve this through synchronization of 


their activities so that one of them is responsible for the nest at a given 
time (an incubation bout). Alternating female and male bouts generate 
an incubation rhythm with a specific period length (cycle of high and 
low probability for a parent to incubate). 

We used diverse monitoring systems (Methods and Extended Data 
Table 1) to collect data on incubation rhythms from 91 populations 
of 32 shorebird species belonging to 10 genera (Fig. 1a), extracted 
the length of 34,225 incubation bouts from 729 nests and determined 
the period length for pairs in 584 nests (see Methods, Extended Data 
Figs 1, 2). 

We found vast between- and within-species variation in incuba- 
tion bout length and in period length (Figs 1-3 and Extended Data 
Fig. 3). Different species, but also different pairs of the same species, 
adopted notably different incubation rhythms, even when breeding in 
the same area (see, for example, incubation rhythms in Barrow, Alaska, 
represented by ‘1’ in Fig. 1b, c; incubation rhythms for each nest can 
be found in the supplementary actograms of ref. 16). In some pairs, 
parents exchanged incubation duties about 20 times a day (Fig. 2a; for 
example Charadrius semipalmatus, Fig. 1b), whereas in others a single 
parent regularly incubated for 24h (Fig. 2a; for example Limnodromus 
scolopaceus, Fig. 1b), with exceptional bouts of up to 50h (supplementary 
actograms of ref. 16). Similarly, incubation rhythms of pairs in 22% of 
nests followed a strict 24-h period (Fig. 2b; for example Tringa flavipes, 
Fig. 1b), whereas the rhythms of others deviated markedly from a 
24-h period (Fig. 2b) resulting in ultradian (<20h in 12% of nests; for 
example Numenius phaeopus; Fig. 1b), free-running-like (for example 
Calidris alpina; Fig. 1b) and infradian rhythms (>28h in 8% of nests), 
with some having period lengths up to 48h (for example Limnodromus 
scolopaceus; Fig. 1b). This variation in period length partly related to 
the variation in bout length (Fig. 3). In the suborder Scolopaci, period 
length correlated positively with median bout length, but in the sub- 
order Charadrii species with 24-h periods had various bout lengths, and 
species with similar bout lengths had different period lengths. 

Despite substantial within-species variation, we found a strong evo- 
lutionary signal for both bout and period length with a coefficient of 
phylogenetic signal \ close to 1 (Extended Data Table 2). This is con- 
sistent with the notion that biological rhythms are largely genetically 
determined and conserved among related species®"!°, However, the 
phylogenetic effect seems unevenly distributed over the taxonomic 
level. Suborder explained 33% of the phenotypic variance in both bout 
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Haematopus ostralegus (Eurasian oystercatcher) 


Vanellus vanellus (Northern lapwing) 


Charadrius hiaticula (Ringed plover) 
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EE Night §=[ Twilight 


Figure 1 | Map of studied breeding 
sites and the diversity of shorebird 
incubation rhythms. a, Map 

of breeding sites with data on 
incubation rhythms. The colour 

of the dots indicates the genus 

(data from multiple species per 
genus may be available), the size 

of the dots refers to data quality 
(large dots, exact breeding site 
known; small dots, breeding site 
estimated, see Methods). For 
nearby or overlapping locations, 

the dots are scattered to increase 
visibility. Contours of the map were 
made with Natural Earth, http:// 
www.naturalearthdata.com. 

b, c, Illustrations of between-species 
diversity (b) and within-species 
diversity (c; note that the three 
rhythms for Calidris mauri and 
Calidris hiaticula come from the 
same breeding location). Each 
actogram depicts the bouts of female 
(yellow) and male (blue) incubation 
at a single nest over a 24-h period, 
plotted twice, so that each row 
represents two consecutive days. 

If present, twilight is indicated by 
light grey bars and corresponds to 
the time when the sun is between 

6° and 0° below the horizon, night 
is indicated by dark grey bars and 
corresponds to the time when 

the sun is >6° below the horizon. 
Twilight and night are omitted in 
the centre of the actogram (24:00) to 
make the incubation rhythm visible. 
The circled numbers (1-10) indicate 
the breeding site of each pair and 
correspond to the circled numbers 
on the map ina. 
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Figure 2 | Variation in incubation rhythms and its estimated evolution. 
a, b, Box plots are ordered by species (within suborder) from the shortest 
to the longest median bout length, and depict the genus (colour as in 

Fig. 1a), median (vertical line inside the box), 25-75th percentiles 

(box) 25th and 75th percentiles minus or plus 1.5 interquartile 

range, respectively, or the minimum and maximum value, whichever is 
smaller (box) outliers (circles). Mmedian bout length = 729 and Mperiod = 584 


and period length, with the Scolopaci having longer incubation bouts 
and periods than the Charadrii (Extended Data Table 3 and Figs 2, 3). 
Species explained 41% of the phenotypic variation in bout length and 
46% in period length, but genus explained little (<1% in both bout and 
period length; Extended Data Table 3), suggesting that despite a strong 
phylogenetic signal, these traits can rapidly diverge (Fig. 2c). 

Two ecological factors may explain the observed variation in bout 
length. First, the ‘energetic demands hypothesis’ stipulates that the 
length of an incubation bout depends on the energetic state of the 
bird!?!”, This predicts that large species will have longer incubation 
bouts than smaller species, because they radiate less body heat per 
unit of mass and that incubation bouts will shorten with increasing 
breeding latitude, because—everything else being equal—energy 
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Figure 3 | Relationship between bout and period length. Each dot 
represents a single nest (n = 584 nests), colours depict the genus. In the 
suborder Scolopaci the median bout length and period length correlate 
positively (rspearman = 0.56, n= 424 nests); in the suborder Charadrii, 
periods longer than approximately 24h are absent, and there is no simple 
relationship between bout and period length (n = 160 nests). For species- 
specific relationships see Extended Data Fig. 3. 


nests. b, The red vertical line indicates a 24-h period. c, Observed and 
reconstructed incubation bout and period length visualized (by colour) on 
the phylogenetic tree”’ using medians of each species (based on medians 
of each population) and 1 out of 100 sampled trees (see Methods). The 
grey circles represent phylogenetically independent contrasts*’ and hence 
emphasize the differences at each tree node. 


stores will deplete faster in colder environments (Extended Data 
Fig. 4a, b shows latitudinal cline in summer temperatures). However, 
bout length was unrelated to body size (Fig. 4a) and correlated positively 
(instead of negatively) with latitude (Fig. 4b). These correlational results 
across populations and species support recent experimental findings 
within species'® and suggest that in biparentally incubating shorebirds 
energetic demands are not an important ecological driver underlying 
variation in bout length. 

An alternative explanation for variation in the length of incuba- 
tion bouts relates to anti-predation strategies. Those species that rely 
primarily on parental crypsis (Extended Data Fig. 5a) benefit from 
reduced activity near the nest, because such activity can reveal the 
location of the nest to potential predators!?”°. Thus, in these species, 
selection will favour fewer change-overs at the nest and therefore 
longer incubation bouts. By contrast, species that are clearly visible 
when sitting on the nest or that rely on active anti-predation beha- 
viour (Extended Data Fig. 5b), including having a partner on the watch 
for predators, leaving the nest long before the predator is nearby and 
attacking or distracting the predator’», obtain no advantage from mini- 
mizing activity. For these species, bout length can shorten, which may 
be advantageous for other reasons (for example, reduced need to store 
fat). We quantified anti-predation strategy as the distance at which the 
incubating parent left the nest when approached by a human (escape 
distance), because cryptic species stay on the nest longer (often until 
nearly stepped upon). Despite the large geographical distribution of 
the studied species, with related variability in the suite of predators and 
predation pressure”!, and even when controlling for phylogeny (which 
captures much of the variation in anti-predation strategy, Extended 
Data Fig. 6), escape distance negatively correlated with the length 
of incubation bouts (Fig. 4c). This result suggests that bout length 
co-evolved with the anti-predation strategy. 

Under natural conditions, most organisms show 24-h rhythmicity, 
but during the summer, when most shorebirds breed, the 24-h variation 
in light decreases with latitude leading to continuous polar daylight 
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Figure 4 | Predictors of variation in incubation rhythms. 

a-c, Relationships between bout length and body size, measured as 
female wing length (a), breeding latitude (b) and anti-predation strategy, 
quantified as escape distance (c) for n= 729 nests from 91 populations 
belonging to 32 species. d, The relationship between the proportion of 
nests with a period length that is entrainable by the 24-h light-dark cycle 
(that is, period lengths: 3, 6, 12, 24, or 48h) and breeding latitude (n = 584 
nests from 88 populations belonging to 30 species). e, The distribution of 
period length over latitude. The period was standardized to 24h so that all 
24-h harmonics are depicted as 24h (red line) and respective deviations 
from each harmonic as deviations from 24h (for example, a period of 

12.5h is depicted as 25h). a-e, Each circle represents the population 


in the northern-most breeding grounds” (Extended Data Fig. 4c, d). 
Such reduced variation in 24-h light intensity may cause a loss of 24-h 
rhythmicity**-*°. As a consequence, circadian behavioural rhythms 
should exhibit a latitudinal cline”. As predicted, incubation rhythms 
with periods that do not follow the 24-h light-dark cycle, such as 
free-running-like patterns (left column in Fig. 1b), occurred more 
often in shorebirds breeding at higher latitudes (Fig. 4d). The absolute 
deviations of periods from 24h and 24-h harmonics also increased 
with latitude (Fig. 4e and Extended Data Table 4). Although this 
supports the existence of a latitudinal cline in socially emerged behav- 
ioural rhythms”, we found a substantial number of rhythms that defy 
the 24-h day even at low and middle latitudes (Fig. 4d-e). 

Many shorebirds predominantly use tidal habitats, at least away from 
their breeding ground"». To anticipate tidal foraging opportunities, 
these species may have activity patterns with a period length resembling 
the tidal period. Because changing to a different rhythm is costly”®, 
these tidal activity patterns might carry over to incubation. Although 
half of our species are tidal away from their breeding grounds, and 
some forage in tidal areas also during breeding (approximately 12% of 
populations), in only 5% of nests did pairs display a period length that 
can be entrained by the tide. Moreover, tidal species had period lengths 
similar to, not longer than, non-tidal ones (Extended Data Table 4). 
Hence, unlike the 24-h light-dark cycle, tidal life-history seems to play 
at best a negligible role in determining incubation rhythms. 

Three main questions arise from our results. First, is variation in incu- 
bation bout length in cryptic species related to the actual predation pres- 
sure? This can be tested by comparing bout length between populations 
of a particular species that are exposed to different predator densities, 
or between years that differ in predation pressure. Second, it remains 
unclear how the diverse social rhythms emerge. Are these rhythms a 
consequence of behavioural flexibility, or a ‘fixed’ outcome of synchro- 
nization between the circadian clocks of the two individuals involved? 
An experimental study on ring doves (Streptopelia risoria) suggests that 
parents may even use two timers—circadian oscillation and interval 
timing—to determine when to incubate”’, Parents rapidly adjusted their 
schedules to phase-shifted photoperiods and their incubation rhythm 
‘ran free in constant dim illumination (implying a circadian mechanism), 
whereas an experimental delay in the onset of an incubation bout did 
not change the length of the bout because the incubating parent refused 
to leave the nest until its incubation bout reached the ‘typical’ duration 
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median; circle size indicates the number of nests. a—d, Solid lines, model- 
predicted relationships; dotted lines, 95% credible intervals based on the 
joint posterior distribution of 100 separate MCMCglmm runs each with 
1 of the 100 phylogenetic trees with approximately 1,100 independent 
samples per tree (see Methods for details). Grey areas depict the predicted 
relationships for each of 100 runs (that is, the full range of regression 

line estimates across 100 models) and illustrate the uncertainty due to 
the phylogenetic tree. The predicted relationships stem from a Gaussian 
phylogenetic mixed-effect model, where the effects of other predictors 
were kept constant (a-c, Extended Data Table 4), or from a binomial 
phylogenetic mixed-effect model (d, Extended Data Table 4). 


(implying interval timing). Third, what are the fitness consequences for 
the parents of having a certain incubation rhythm? For example, the costs 
of having a particular incubation rhythm may be unevenly distributed 
between the two parents (for instance, because one parent is on incu- 
bation duty when food is more readily available, or because one parent 
‘enforces’ its own rhythm at a cost to the other parent). 

In conclusion, our results reveal that under natural conditions 
social synchronization can generate much more diverse rhythms than 
expected from previous work>””8, and that these rhythms often defy 
the assumption of entrainment to the 24-h day-night cycle. Risk of 
predation, rather than risk of starvation, seems to have a key role in 
determining some of the variation in incubation rhythms. We describe 
this diversity in the context of biparental incubation, but diverse 
behavioural rhythms may also arise in many other social settings (for 
example, in the context of mating interactions” or vigilance behaviour 
during group foraging). Essentially, the reported diversity suggests that 
the expectation that individuals within a pair (or group) should opti- 
mize their behavioural rhythms relative to the 24-h day may be too 
simplistic, encouraging further study of the evolutionary ecology of 
plasticity in circadian clocks. 


Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper. 
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METHODS 


Recording incubation. Incubation data were obtained between 1994 and 2015, for 
as many shorebird species (n = 32) and populations (n= 91) as possible (that is, no 
statistical methods were used to predetermine sample size), using six methods (for 
specifications of the equipment see Extended Data Table 1). (1) In 261 nests, a radio 
frequency identification reader (RFID) registered the presence of tagged parents 
at the nest. The passive integrated tag was either embedded in a plastic flag*!””, 
with which the parents were banded, or glued to the tail feathers**. In 200 nests 
the RFID was combined with a temperature probe placed between the eggs. The 
temperature recordings allowed us to identify whether a bird was incubating even 
in the absence of RFID readings; an abrupt change in temperature marked the start 
or end of incubation*. (2) For 396 nests, light-loggers were mounted to the plastic 
flag or a band that was attached to the bird’s leg***°. The logger recorded maxi- 
mum light intensity (absolute or relative) for a fixed sampling interval (2-10 min). 
An abrupt change in light intensity (as opposed to a gradual change caused, for 
example, by twilight) followed by a period of low or high light intensity marked the 
start or end of the incubation period (Extended Data Fig. 2). (3) For nine nests a 
GPS tag, mounted on the back of the bird, recorded the position of the bird*®. The 
precision of the position depends on cloud cover and sampling interval**. Hence, 
to account for the imprecision in GPS positions, we assumed incubation whenever 
the bird was within 25 m of the nest (Extended Data Fig. 2b). (4) At three nests 
automated receivers recorded signal strength of a radio tag attached to the rump of 
a bird; whenever a bird incubated, the strength of the signal remained constant?* 
(supplementary actograms; pages 257-259 of ref. 16). (5) At 53 nests video cameras 
were used to identify the incubating parents. (6) Eight nests were continuously 
observed. In (5) and (6) parent identification was based on plumage, colour rings 
or radio tag. In one of the populations, three different methods were used, in seven 
populations representing seven species two methods were used. In one nest, two 
methods were used simultaneously (Extended Data Fig. 2b). 

Extraction of incubation bouts. An incubation bout was defined as the total time 
allocated to a single parent (that is, the time between the arrival of a parent at and 
its departure from the nest followed by incubation of its partner). Bout lengths 
were only extracted if at least 24h of continuous recording was available for a nest; 
in such cases, all bout lengths were extracted. For each nest, we transformed 
the incubation records to local time as UTC time + (longitude of the nest/15). 
Incubation bouts from RFIDs, videos and continuous observations were mostly 
extracted by an R script and the results verified by visualizing the extracted and 
the raw data!®?!3738; otherwise, M.B. extracted the bouts manually from plots of 
raw data**“° (plots of raw data and extracted bouts for all nests are in the supple- 
mentary actograms of ref. 16; the actograms were generated by the ggplot and 
xyplot functions from the ggplot2 and lattice R-packages*!~*). Whenever the start 
or end of a bout was unclear, we classified these bouts as uncertain (see next par- 
agraph for treatment of uncertain bouts). In case of light-logger data, the light 
recordings before and after the breeding period, when the birds were definitely not 
incubating, helped to distinguish incubation from non-incubation. Whenever an 
individual tagged with a light-logger nested in an environment where the sun was 
more than 6° below the horizon for part of a day (that is, night), we assumed an 
incubation bout when the individual started incubating before the night started 
and ended incubating after the night ended. When different individuals incubated 
at the beginning versus at the end of the night, we either did not quantify these 
bouts or we indicated the possible time of exchange (based on trends in previous 
exchanges), but classified these bouts as uncertain (see supplementary acto- 
grams’), In total, we extracted 34,225 incubation bouts. 

The proportion of uncertain bouts within nests had a distribution skewed 
towards zero (median = 0%, range, 0-100%, n= 729 nests), and so did the median 
proportion of uncertain bouts within populations (median = 2%, range, 0-74%, 
n=91 populations). Excluding the uncertain bouts did not change our estimates 
of median bout length (Pearson's correlation coefficient for median bout length 
based on all bouts and without uncertain bouts: r= 0.96, n = 335 nests with both 
certain and uncertain bouts). Hence, in further analyses all bouts were used to 
estimate median bout length. 

Note that in some species sexes consistently differed in bout length (Fig. 1b, 
for example, Vanellus vanellus). As these differences are small compared to the 
between-species differences and because in 27 nests (of 8 species) the sex of the 
parents was unknown, we used median bout length independent of sex in this 
study. 

Extraction of period length. The method used for extracting the period length of 
incubation rhythm for each nest is described in the Extended Data Fig. 1. 

Extraction of entrainable periods. We classified 24-h periods and periods with 
24-h harmonics (that is, 3, 6, 12, 48h) as strictly entrainable by 24-h light fluctu- 
ations (n= 142 nests out of 584). Including nearest adjacent periods (+0.25h) 
increased the number of nests with entrainable periods (n = 277), but results 
of statistical analyses remained quantitatively similar. We consider periods and 


harmonics of 12.42h (that is, 3.1, 6.21, 12.42, 24.84h) as strictly entrainable by 
tide. However, because the periods in our data were extracted in 0.25-h intervals 
(Extended Data Fig. 1), we classified periods of 3, 6.25, 12.5, 24.75 h (that is, those 
closest to the strict tide harmonics) as entrainable by tide (n = 32 nests out of 584). 
Including also the second nearest periods (that is, 3.25, 6, 12.25, 25) increased the 
number of nests entrainable by tide ton =55. 

Population or species life-history traits. For 643 nests, the exact breeding location 
was known (nests or individuals were monitored at the breeding area). For the 
remaining 86 nests (from 27 populations representing 8 species, where individuals 
were tagged with light-loggers at the wintering area), the breeding location was 
roughly estimated from the recorded 24-h variation in daylight, estimated migra- 
tion tracks, and the known breeding range of the species** >’. One exact breeding 
location was in the Southern Hemisphere, so we used absolute latitude in analyses. 
Analyses without populations with estimated breeding-location or without the 
Southern Hemisphere population generated quantitatively similar estimates as 
the analyses on full data. 

For each population, body size was defined as mean female wing length”, either 
for individuals measured at the breeding area or at the wintering area. In case no 
individuals were measured, we used the mean value from the literature (see open 
access data for specific values and references”’). 

Anti-predation strategy was assessed by estimating the escape distance of the 
incubating bird when a human approached the nest, because species that are cryp- 
tic typically stay on the nest much longer than non-cryptic species, sometimes until 
nearly stepped upon***. Escape distance was obtained for all species. Forty-four 
authors of this paper estimated the distance (in metres) for one or more species 
based on their own data or experience. For ten species, we also obtained estimates 
from the literature’*. We then used the median ‘estimated escape distance’ for each 
species. In addition, for 13 species we obtained ‘true escape distance. Here, the 
researcher approached a nest (of known position) and either estimated his distance 
to the nest or marked his position with GPS when the incubating individual left the 
nest. For each GPS position, we calculated the Euclidian distance from the nest. In 
this way we obtained multiple observations per nest and species, and we used the 
median value per species (weighted by the number of estimates per nest) as the 
true escape distance. The species’ median estimated escape distance was a good 
predictor of the true escape distance (Pearson's correlation coefficient: r= 0.89, 
n= 13 species). For analysis, we defined the escape distance of a species as the 
median of all available estimates. 

For each species, we determined whether it predominantly uses a tidal envi- 
ronment outside its breeding ground, that is, has tidal versus non-tidal life history 
(based on refs 48, 50, 51). For each population with exact breeding location, we 
scored whether tidal foraging habitats were used by breeding birds for foraging 
(for three populations this information was unknown)>*. For all populations with 
estimated breeding location we assumed, based on the estimated location and 
known behaviour at the breeding grounds, no use of tidal habitat. 

Statistical analyses. Unless specified otherwise, all analyses were performed on 
the nest level using median bout length and extracted period length. 

We used phylogenetically informed comparative analyses to assess how evolu- 
tionary history constrains the incubation rhythms (estimated by Pagel’s \ coeffi- 
cient of phylogenetic signal°***) and to control for potential non-independence 
among species due to common ancestry. This method explicitly models how the 
covariance between species declines as they become more distantly related?*°”"*. 
We used the Hackett*’ backbone phylogenetic trees available at http://birdtree.org 
(ref. 60), which included all but one species (Charadrius nivosus) from our dataset. 
Following a subsequent taxonomic split®', we added C. nivosus to these trees as 
a sister taxon of C. alexandrinus. Phylogenetic uncertainty was accounted for by 
fitting each model with 100 phylogenetic trees randomly sampled from 10,000 
phylogenies at http://birdtree.org (ref. 60). 

The analyses were performed with Bayesian phylogenetic mixed-effect mod- 
els (Fig. 4 and Extended Data Tables 2, 4) and the models were run with the 
MCMCglmm function from the R package MCMCglmm™. In all models, we also 
accounted for multiple sampling within species and breeding site (included as 
random effects). In models with a Gaussian response variable, an inverse-gamma 
prior with shape and scale equal to 0.001 was used for the residual variance (that is, 
variance set to 1 and the degree of belief parameter to 0.002). In models with binary 
response variables, the residual variance was fixed to 1. For all other variance com- 
ponents the parameter-expanded priors were used to give scaled F-distributions 
with numerator and denominator degrees of freedom set to 1 anda scale parameter 
of 1,000. Model outcomes were insensitive to prior parameterization. The MCMC 
chains ran for 2,753,000 iterations with a burn-in of 3,000 and a thinning inter- 
val of 2,500. Each model generated approximately 1,100 independent samples of 
model parameters (Extended Data Tables 2, 4). Independence of samples in the 
Markov chain was assessed by tests for autocorrelation between samples and by 
using graphic diagnostics. 
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First, we used MCMCglmm to estimate Pagel’s \ (phylogenetic signal) for bout 
and period length (Gaussian), and to show that our estimates of these two incu- 
bation variables were independent of how often the incubation behaviour was 
sampled (‘sampling’ in min, In-transformed; Extended Data Table 2). Hence, in 
subsequent models, sampling was not included. 

Then, we used MCMCglmm to model variation in bout length and period 
length (Extended Data Table 4). Bout length was modelled as a continuous 
response variable and latitude (in degrees, absolute), female wing length (mm, 
In-transformed) and approach distance (m, In-transformed) as continuous pre- 
dictors. Predictors had low collinearity (at nest, population and species level; all 
Pearson or Spearman correlation coefficients |r| < 0.28). To test for potential 
entrainment to 24-h, period length was modelled as a binary response variable 
(1=rhythms with period of 3, 6, 12, 24, or 48h; 0=rhythms with other periods) 
and latitude as a continuous predictor. To test how circadian period varies with 
latitude or life history, the period was transformed to deviations from 24h and 
24-h harmonics and scaled by the time span between the closest harmonic and 
the closest midpoint between two harmonics. For example, a 42-h period deviates 
by —6h from 48h (the closest 24-h harmonic) and hence —6h was divided by 12h 
(the time between 36 h—the midpoint of two harmonics—and 48 h—the closest 
harmonic). This way the deviations spanned from -1 to 1 with 0 representing 
24h and its harmonics. The absolute deviations were then modelled as a contin- 
uous response variable and latitude as continuous predictor. The deviations were 
also modelled as a continuous response and species life history (tidal or not) as 
categorical predictor. 

In all models the continuous predictor variables were centred and standardized 
to a mean of zero and a standard deviation of one. 

We report model estimates for fixed and random effects, as well as for Pagel’s A, 
by the modes and the uncertainty of the estimates by the highest posterior density 
intervals (referred to as 95% CI) from the joint posterior distributions of all samples 
from the 100 separate runs, each with 1 of the 100 separate phylogenetic trees from 
http://birdtree.org (ref. 60). 

To help interpret the investigated relationships we assessed whether incubation 
rhythms evolved within diverged groups of species by plotting the evolutionary tree 
of the incubation rhythm variables (Fig. 2c), as well as of the predictors (Extended 
Data Fig. 6). 

The source of phylogenetic constraint in bout and period length was investi- 
gated by estimating the proportion of phenotypic variance explained by suborder, 
genus and species (Extended Data Table 3). The respective mixed models were also 
specified with MCMCglmm® using the same specifications as in the phylogenetic 
models. Because suborder contained only two levels, we first fitted an intercept 
mixed model with genus, species, and breeding site as random factors, and used it 
to estimate the overall phenotypic variance. We then entered suborder as a fixed 
factor and estimated the variance explained by suborder as the difference between 
the total variance from the first and the second model. To evaluate the proportion 
of the variance explained by species, genus and breeding site, we used the estimates 
from the model that included suborder. 

R version 3.1.1 (ref. 63) was used for all statistical analyses. 

Code availability. All statistical analyses, figures, and the supplementary 
actograms are replicable with the open access information, including computer 
software and code for R, available at the Open Science Framework, https://osf.io/ 
wxufm/ (ref. 16). 

Data availability. Primary and extracted data that support the findings of this 
study are freely available from the Open Science Framework, https://osf.io/wxufm/ 
(ref. 16). Source data for Figs 1-4 are provided with the paper. 
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Extended Data Figure 1 | Extracting period length of incubation 
rhythms. a—c, Each column represents an example for a specific nest with 
long, intermediate and short incubation bouts. a, From the extracted bout 
lengths we created a time series that indicated—for each nest and for every 
10 min interval—whether a specific parent (female, if sex was known) 
incubated or not. Exchange gaps (no parent on the nest) had to be <6h to 
be included (for treatment of exchange gaps >6h see d, e). b, We then 
estimated the autocorrelation for each 10-min time-lag up to 4 days (R 
‘acf’ function®). Positive values indicate a high probability that the female 
was incubating, negative values indicate that it was more likely that the 
male was incubating. We used only nests that had enough data to estimate 
the autocorrelation pattern (n = 584 nests from 88 populations of 

30 species). The visualized autocorrelation time series never resembled 
white or random noise indicative of an arrhythmic incubation pattern. To 
determine the period (that is, cycle of high and low probability for a parent 
to incubate) that dominated the incubation rhythm, we fitted to the 
autocorrelation estimates a series of periodic logistic regressions. In each 
regression, the time lag (in hours) transformed to radians was represented 
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slope for sine and c the slope for cosine, T represents the length of the 
fitted period (in hours), and ¢ is an error term. We allowed the period 
length to vary from 0.5h to 48h (in 15 min intervals, giving 

191 regressions). c, By comparing the Akaike’s information criterion™ 
(AIC) of all regressions, we estimated, for each nest, the length of the 
dominant period in the actual incubation data (best fit). Regressions with 
AAIC (AIC pode AIC min) close to 0 are considered as having strong 
empirical support, while models with AAIC values ranging from 4-7 have 
less support™. In 73% of all nests, we determined a single best model with 
AAIC <3 (c, middle AAIC graph), in 20% of nests two best models 
emerged and in 6% of nests 3 or 4 models had AAIC < 3 (¢, left and right 
AAIC graphs). However, in all but three nests, the models with the 
second-, third- and so on best AAIC were those with period lengths 
closest to the period length of the best model (c, left and right AAIC 
graphs). This suggests that multiple periodicities are uncommon. d, e, The 
extraction of the period length (described in a—c) requires continuous data 
sets, but some nests had long (>6h) gaps between two consecutive 
incubation bouts, for example because of equipment failure or because of 
unusual parental behaviour. In such cases, we excluded the data from the 
end of the last bout until the same time the following day, if data were then 
available again (d), or we excluded the entire day (e). 
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Extended Data Figure 2 | Extracting incubation bouts from light-logger 
data. a, An example of a nest with a light intensity signal from both parents 
(yellow line, female; blue line, male. The incubation bouts for a given 
parent reflect periods dominated by lower light values compared to those 
of the partner. Note the sharp drop in the light levels at the beginning of 
each incubation bout and the sharp increase in the light levels at the end. 
Change-overs between partners occur when the light signal lines cross. 
Such pronounced changes in light intensity detected by the logger were 
used to assign incubation even when only a single parent was tagged. 

Note that after the chicks hatch and leave the nest (9 July, vertical bar), the 
light intensity signals from both parents remain similar. b, An example 


12:00 
Time (h) 


of a nest where one incubating parent was simultaneously equipped with 

a light-logger and with a GPS tag. The yellow line indicates light levels, 

red dots indicate the distance of the bird to the nest. As expected, low 

light levels co-occur with close proximity to the nest, and therefore reflect 
periods of incubation. Although light levels decrease during twilight 

(light grey horizontal bar), the recordings were still sensitive enough to 
reflect periods of incubation, that is, the light signal matches the distance 
(for example 25 May: female incubated during dawn, but was off the nest 
during dusk). a, b, Rectangles in the background indicate incubation bouts 
(female, light yellow polygon; male, light blue polygon). 
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Extended Data Figure 3 | Relationship between bout and period length for 30 shorebird species. Each dot represents one nest (n = 584 nests), colours 


indicate the genus. 
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noon and midnight sun elevation for the summer solstice in the Northern 
Hemisphere and the winter solstice in the Southern Hemisphere. 

d, Correlation between absolute latitude and daily variation in sun 
elevation for mid-day of incubation data for each nest (n = 729 nests). 

The points are jittered, as otherwise they form a straight line. a, c, Red 
points indicate the breeding site for each population (n = 91). a, b, The 
minimum and maximum monthly temperature data were obtained from 
http:\\www.worldclim.org using the raster R-package®. c, d, Sun-elevation 
was obtained by the ‘solarpos’ function from the maptools R-package™. 


Extended Data Figure 4 | Ecological correlates of latitude. a, Variation 
in minimum temperature across the globe represented by mean minimum 
June temperature for the Northern Hemisphere and mean minimum 
December temperature for the Southern Hemisphere. b, Correlation 
between absolute latitude and the mean minimum temperature of the 
month (nm = 729 nests). For each nest we used the month that contained 
most of the incubation data. For maximum temperature the correlation 
was the same (r= —0.91, n= 729 nests). c, Daily variation in sun elevation 
(that is, in light conditions) are represented as the difference between the 
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Extended Data Figure 5 | Between-species variation in parental crypsis human until nearly stepped upon. In contrast, the conspicuous Eurasian 
during incubation. a, b, Shorebirds vary in how visible they are on the oystercatcher (Haematopus ostralegus; b) is visible on the nest from afar 
nest while incubating. The nearly invisible great knot (Calidris tenuirostris,; | and when approached by a human leaves the nest about 100 m in advance 
a; central and facing right) sits tight on the nest when approached by a (Credits: a, M. Salek; b, J. van de Kam). 
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Extended Data Figure 6 | Phylogenetic relationships for predictors. a, Body size, estimated as female wing length. b, Latitude (absolute). c, Escape 
distance. a-c, We visualized the evolution of these traits’®°” using the median (a, b; based on population medians), estimates of escape distance for each 
species (c) and one of the 100 sampled trees (see Methods). 
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Extended Data Table 1 | Incubation monitoring methods and systems 


Sampling n n both 
interval popu- n parents 
Method Model Company www Year (min) lations nests tagged 
RFID + tag tag: 9.0 x 2.1 mm, 0.087 g, Biomark http://www.biomark.com/ 2011- 0.08 19 200 157 
embedded in the 134.2 kHz 2014 
31,32 
flag RFID: custom made Calima http://www.calima.de 
Ingineering, http://www.orn.mpg.de/en 
& Max Planck 
Institute for 
Ornithology 
temperature probe: 
TinyTag Talk PB-5005-OM6 Gemini Data www.tinytag.info 
(¢ 2.5 mm) with Talk 2 Loggers Ltd 
logger TK-4023 or 
MSR® (12 x 6 mm) with MSR® Electronics http://www.msr.ch 
MSR® 145 logger GmbH 
tag: 11.5 x 2.12 mm, 0.1g, Trovan® http://www.trovan.com 2007 S di. 3 3 
125 kHz 
RFID: custom made EID Aalten BV http://www.dorset.nu/en/ 
temperature probe: Gemini Data www.tinytag.info 
TinyTag Talk PB-5005-OM6 Loggers Ltd 
(9 2.5 mm) with Talk 2 
logger TK-4023 
RFID + tag glued tag: 11.5 x 2.12 mm, 0.09g, Trovan® http://www.trovan.com 2005- 1.7-5.5 4 34 34 
to the tail” 128 kHz 2008 
RFID: LID650 with extended 
memory, driver TM613, 
Antenna ANT614 
tag: TIRIS 12 x 6x 3 mm, Texas Instruments http://www.ti.com 1997 1/3 1 6 6 
0.4 g, 134.2 kHz 
RFID: TIRIS Micro-reader 
TIRIS tag: 12 x 6x 3 mm, Texas Instruments http://www.ti.com 2006 1/3 1 18 18 
0.4 g, 134.2 kHz 
RFID: custom made Francis Scientific https://www.duedil.com/com 
Instruments any/01964877/francis- 
Limited scientific-instruments-limited 
Light logger*”°* = MK10, 12, 14 18, 20: British Antarctic http://www.biomark.com/ 2008- 2-10 48 261* 55 
0.7-1.4g, light scale 0-64 Survey, currently 2013 
(64 > 100 lux) Biotrack 
Intigeo W65A9RK: 0.7g, Migrate http://www. migratetech.co.uk 2012- 5-10 23 136* 11 
absolute light levels (lux) Technology Ltd 2014 
GPS-tracker™® UvA-BITS 4C: 62 x 30 x 12, University of http://www.uva-bits.nl 2010 10-30 1 8 8 
14g Amsterdam 
UvA-BiTS 2CDse: 52 x 22 x 9, 2014 20 1 1s* 0 
7.58 
Radio- iTag:26x15x9mm,4g e-obs GmbH http://www.e-obs.de, 2009 0.07 2 3 3 
transmitter” 
Video” 2005- 1/3 1 28 - 
2006 
2005- constant 3 25 - 
2011 
Observations 1994 30 1 5 - 
2011 constant J: 3 - 


For details about methods used in each populations, see supplementary data of ref. 53. 
*At one nest a bird with a MK logger was recaptured and the logger exchanged for an Intigeo logger. This nest appears in n for both logger types. 
**Simultaneously equipped with light-logger (Intigeo). This nest appears in n for both GPS-tracker and Intigeo. 
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Extended Data Table 2 | Effects of phylogeny and sampling on bout length and period length 


95% Cl 
Response Effect type Effect Posterior mode Lower Upper N (range) 

Median bout [h] Fixed Intercept 72 1.04 12 1100 (924-2079) 
Sampling 0.16 -0.2 0.61 1100 (809-1644) 

Random (variance) Phylogeny 25.33 4.6 59.6 1100 (753-1383) 

Species 0.01 0 12.1 1100 (779-1636) 

Breeding site 2.13 0.96 4.28 1100 (808-2242) 

Residual 5.04 4.51 5.61 1100 (838-1444) 

Pagel’s A 1 Os 1 1100 (814-1316) 

Period [h] Fixed Intercept 21.94 12.8 30.67 1100 (765-1392) 
Sampling 0.13 -0.41 0.65 1100 (741-1468) 

Random (variance) Phylogeny 66.22 14.3 153 1100 (729-1638) 

Species 0.06 0 29.36 1100 (729-1435) 

Breeding site 0.01 0 0.88 1100 (814-1378) 

Residual 14.87 13.3 16.84 1100 (884-1460) 

Pagel’s A 1 0.54 1 1100 (740-1523) 


LETTER 


The posterior estimates (modes) of the effect sizes with the highest posterior density intervals (95% Cl) and the median and range of the effective sample sizes (N (range)) come from the joint posterior 
distribution of 100 separate runs each with 1 of 100 separate phylogenetic trees from http://birdtree.org. Nbout= 729 nests from 91 populations belonging to 32 species. Nperioa = 584 nests from 88 
populations belonging to 30 species. Sampling (how often the incubation behaviour was sampled) was In-transformed and then mean-centred and scaled (divided by s.d.). For procedures and specifi- 
cations related to phylogenetic Bayesian mixed models see Methods. Estimating Pagel’s \ on the species level (Nbout= 32 species, period = 30 Species) with phylogenetic generalized least-squares using 
the function ‘pgls’ from the R package caper’? gave similar results (median (range) About = 0.73 (0.63-1) and Aperioa = 0.95 (0.641), based on 100 estimates each for 1 of the 100 trees). 
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Extended Data Table 3 | Source of phylogenetic signal 


95% Cl 
Suborder included Response Effect type Fixed effects Posterior mode “Lower ‘Upper _ N 

No Bout [h] Fixed Intercept 7.69 4.11 10.76 1100 
Random (variance) Genus 9.54 0.02 46.6 1100 

Species 11 4.84 25.77 1100 

Breeding site 2.25 1.06 45 1100 

Residual 5.03 4.55 5.61 1100 

Yes Bout [h] Fixed Intercept (Charadrii) 4.48 1.05 7.66 1100 
Suborder (Scolopaci) 6.07 1.52 10.44 1100 

Random (variance) Genus 0.09 0 21.35 1100 

Species 11.29 5.53. 23.99 1275) 

Breeding site 2.31 0.98 4.28 1100 

Residual 5.04 4.52 5.58 1100 

No Period [h] Fixed Intercept 23.46 18.22 27.39 1100 
Random (variance) Genus 19.05 0 97.79 1100 

Species 41.02 17.04 72.66 1100 

Breeding site 0.01 0 0.9 1100 

Residual 14.94 13.35 16.76 1100 

Yes Period [h] Fixed Intercept (Charadrii) 18.61 13.12 23.98 940 
Suborder (Scolopaci) 8.92 0.6 15.4 990 

Random (variance) Genus 0.33 0 59.09 769 

Species 34.41 16.91 68.14 1142 

Breeding site 0.01 0 0.84 1100 

Residual 15.01 13.34 16.86 891 


The posterior estimates (modes) of the effect sizes with the highest posterior density intervals (95% Cl) and the effective sample sizes (N) come from a posterior distribution of 1,100 simulated values 
generated by MCMCglmm in R®. nyout= 729 nests from 91 populations belonging to 32 species. Nperiog = 584 nest from 88 populations belonging to 30 species. 
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Extended Data Table 4 | Effect of latitude, body size, escape distance and life history on biparental incubation rhythms in shorebirds 


95% Cl 
Response Effect type Fixed effects Posterior mode “Lower ‘Upper N (range) 

Bout [h] Fixed Intercept 7.45 2.65 12 1100 (804-1496) 
Wing length -0.78 2.5 1.05 1100 (839-1638) 

Latitude 1272: 0.63 2.65 1100 (850-1642) 

Escape distance -1.68 -3.3 -0.25 1100 (634-2046) 

Random (variance) Phylogeny 0.19 0 45 1100 (803-1875) 

Species 0.07 0 14.4 1100 (695-1580) 

Breeding site 1.4 0.59 3.02 1100 (833-1480) 

Residual 5.02 4.53 5.64 1100 (516-1916) 

Pagel’s A 0.72 0.13 1 1100 (731-1407) 

Light entrainable rhythm Fixed Intercept -1.62 -3.19 -0.13 1100 (731-1633) 
{,0}/en binomial geale Latitude 0.56 -115 0.07 —:1100(765-1575) 
Random (variance) Phylogeny 0.05 0 5.54 1100 (883-1371) 

Species 0.02 0 2.68 1100 (965-2246) 

Breeding site 0 0 0.63 1100 (605-1304) 

Pagel’s A 0.74 0.02 ul 1100 (932-1498) 

Absolute deviations from Fixed Intercept 0.17 -0 0.35 1100 (459-1501) 
24-h Latitude 0.03 -0 0.07 1100 (777-1488) 
Random (variance) Phylogeny 0 0 0.07 1100 (786-1393) 

Species 0 0 0.03  1100(861-1412) 

Breeding site 0 0 0 1100 (826-1860) 

Residual 0.03 0.03 0.04 1100 (948-2039) 

Pagel’s A 0.74 0.02 1 1100 (843-1471) 

Deviations from 24-h Fixed Intercept (non-tidal) 0.02 -0.04 0.09 1100 (851-1742) 
Life history (tidal) -0.02 0.1 0.04 1100(702-2257) 

Random (variance) Phylogeny 0 0 0.01 1100 (806-1692) 

Species 0 0 0 — 1100 (692-1601) 

Breeding site 0 0 0.01 1100 (656-1490) 

Residual 0.07 0.06 0.08 1100 (760-1563) 

Pagel’s A 0.77 0.01 1 1100 (864-1451) 


The posterior estimates (modes) of the effect sizes with the highest posterior density intervals (95% Cl) and the median and range of the effective sample sizes (N (range)) come from the joint posterior 
distribution of 100 separate runs each with 1 of the 100 separate phylogenetic trees from http://birdtree.org. Nbout= 729 nests from 91 populations belonging to 32 species. For models on light-en- 
trainable rhythm, absolute deviations and deviations from 24h: n= 584 nests from 88 populations belonging to 30 species. Latitude (in bout model: absolute value), wing length (In-transformed), and 
escape distance (In-transformed) were mean-centred and scaled (divided by s.d.). The estimates for the light-entrainable rhythm are on a binomial scale. For procedures and specifications related to 
phylogenetic Bayesian mixed models see Methods. 
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germ-cell tumours 
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Germ-cell tumours (GCTs) are derived from germ cells and 
occur most frequently in the testes)”. GCTs are histologically 
heterogeneous and distinctly curable with chemotherapy’. Gains of 
chromosome arm 12p and aneuploidy are nearly universal in GCTs**, 
but specific somatic genomic features driving tumour initiation, 
chemosensitivity and progression are incompletely characterized. 
Here, using clinical whole-exome and transcriptome sequencing of 
precursor, primary (testicular and mediastinal) and chemoresistant 
metastatic human GCTs, we show that the primary somatic feature 
of GCTs is highly recurrent chromosome arm level amplifications 
and reciprocal deletions (reciprocal loss of heterozygosity), 
variations that are significantly enriched in GCTs compared to 19 
other cancer types. These tumours also acquire KRAS mutations 
during the development from precursor to primary disease, and 
primary testicular GCTs (TGCTs) are uniformly wild type for TP53. 
In addition, by functional measurement of apoptotic signalling 
(BH3 profiling) of fresh tumour and adjacent tissue’, we find that 
primary TGCTs have high mitochondrial priming that facilitates 
chemotherapy-induced apoptosis. Finally, by phylogenetic analysis 
of serial TGCTs that emerge with chemotherapy resistance, we show 
how TGCTs gain additional reciprocal loss of heterozygosity and that 
this is associated with loss of pluripotency markers (NANOG and 
POUS5F1)*? in chemoresistant teratomas or transformed carcinomas. 
Our results demonstrate the distinct genomic features underlying 
the origins of this disease and associated with the chemosensitivity 
phenotype, as well as the rare progression to chemoresistance. These 
results identify the convergence of cancer genomics, mitochondrial 
priming and GCT evolution, and may provide insights into 
chemosensitivity and resistance in other cancers. 

GCTs arise from germ cells, which can be found in the gonads 
(testicles and ovaries), mediastinum, pituitary and retroperitoneum, and 
progress from precursor lesions (germ-cell neoplasia in situ; GCNIS)!*"°. 
Histologically, GCTs are classified as seminoma or non-seminoma. The 
latter may consist of one histology or be mixed non-seminoma. Clinically, 
most GCTs are exceptionally chemosensitive; combination cisplatin- and 
etoposide-based chemotherapy cures more than 80% of GCT patients 
with metastatic disease’. However, approximately 10% of patients with 
metastatic GCTs will die as a result of chemoresistant disease. 

Leveraging preclinical models, several mechanisms have been 
proposed for GCT oncogenesis and chemosensitivity, including DNA 


repair deficiencies, embryonic stem (ES) cell-like cell cycle properties, 
or high apoptotic propensity!!"'3. Germline genome wide associa- 
tion studies have identified several risk loci for GCT, most notably in 
KITLG'*. For GCTs, karyotyping demonstrated marked aneuploidy®, 
targeted sequencing identified rare KRAS hotspot mutations!®, and 
whole-exome sequencing (WES) confirmed nearly universal arm- 
level chromosome arm 12p gain’, low mutation rates, and activating 
KIT mutations specific to seminomas’. However, genomic features in 
GCTs that contribute to the origins, chemosensitivity phenotype, and 
progression remain incompletely characterized. 

Comparison of serial treatment-responsive and refractory tumours 
has informed genomic progression in other cancers!”'®. We proposed 
that genomic evolutionary analysis of clinical GCTs from patients who 
respond and become resistant to chemotherapy would identify features 
underlying disease progression and chemotherapy response phenotype. 
We performed clinically integrated molecular analysis of 59 tumours 
samples (with matched germ line) from 47 patients with TGCTs and two 
patients with primary mediastinal GCTs (PMGCTs) to identify genomic 
features associated with disease origin and progression. The aggregate 
cohort features are summarized in Fig. 1a and Supplementary Tables 1, 2. 

The median mutational load in our cohort was 0.9 mutations Mb7! 
(Supplementary Table 1). Mutational significance analysis!” identified 
KRAS as the most statistically significant altered gene in this cohort 
(Fig. 1a, b, Supplementary Table 3). The only other significantly 
mutated gene was RPL5, a ribosomal protein previously implicated in 
other cancer types’? (Fig. 1b). RPL5 may regulate the MDM2-TP53 
axis”° but was mutated infrequently and is of unknown biological 
relevance in GCTs. KIT mutations were not observed in our cohort 
despite sufficient genomic power to detect mutations (KIT hotspot 
loci mean coverage: 316 x; range: 89-800 x), although meta-analysis 
of our cohort with a separate TGCT WES set® confirms KIT as 
significantly mutated (Extended Data Fig. 1a). Expanded investiga- 
tion for clinically or biologically relevant alterations identified singleton 
mutations in DNA repair or sex determination pathway gene sets 
(see Supplementary Table 4 for all somatic mutations), although these 
were rare and of unclear significance. 

Because KRAS emerged as the primary significantly mutated gene, 
we next sought to explore the point of KRAS mutation emergence in 
the context of TGCT progression. We performed phylogenetic analysis 
of WES from patient-matched GCNIS tumours (pre-invasive) and 


1Division of Medical Sciences, Harvard University, Boston, Massachusetts 02115, USA. 2Cancer Program, Broad Institute of MIT and Harvard, Cambridge, Massachusetts 02142, USA. 3Health 
Sciences and Technology, Harvard Medical School, Boston, Massachusetts 02115, USA. Department of Medical Oncology, Dana-Farber Cancer Institute, Boston, Massachusetts 02215, USA. 
5Department of Medical Oncology, Massachusetts General Hospital, Boston, Massachusetts 02114, USA. "Department of Cell Biology, Harvard Medical School, Boston, Massachusetts 02115, 
USA. ‘Division of Genetics and Genomics, Department of Medicine, Boston Children’s Hospital, Massachusetts 02115, USA. 8Department of Medicine, King Saud bin Abdulaziz University for 
Health Sciences, Saudi Arabia. 2Department of Cancer Biology, Dana-Farber Cancer Institute, Boston, Massachusetts 02215, USA. !°Division of Genetics and Epidemiology, The Institute of 
Cancer Research, Fulham Road, London SW3 6JB, UK. !!William Harvey Research Institute, Queen Mary University London, Charterhouse Square, London EC1M 6BQ, UK. !2Cancer Center and 
Department of Pathology, Massachusetts General Hospital, Boston, Massachusetts 02114, USA. !8Center for Cancer Precision Medicine, Dana-Farber Cancer Institute, Boston, Massachusetts 
02215, USA. “Department of Biostatistics and Computational Biology, Dana-Farber Cancer Institute, Boston, Massachusetts 02215 , USA. !®Harvard T.H. Chan School of Public Health, Boston, 
Massachusetts 02115, USA. !®Department of Pathology, Brigham and Women’s Hospital, Boston, Massachusetts 02115, USA. 


*These authors contributed equally to this work. 
§These authors jointly supervised this work. 


114 | NATURE | VOL 540 | 1 DECEMBER 2016 


© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. 


LETTER 


Resistart [DIDIDIVIVIVEVEVEVENENENEED!! 0000000 00000000) eno eves ital Neots 
OS TUIANNNNROANONNNONONON00O0Q000000N00000000000 se = 
Histology ili //100//1NNIINENNNN(MMNIIMIENIINIIM ssroritoma macs °°" Sterna ee 
Sample site [HII IIIT TANI °°2°* 2 etccrasass wor nase mHypervaiable region 
+ ice si @ Effector region 
ideal Hi | : Baeaers indel @ RAS domain 88 
RPL5S | I = Inframe indel 2 aa 
TP53 | = Missense mutation RPL5 2 ES 
120 QUONIODODONONONODOLOVANOOQONODOVONOODONO BUBLE Li Chi. 12p copy number i — 
KRAS amp ae | I | =” Focal KRAS amplification 
m Ribosomal L18p 
Ribosomal L18c 
c Patient 55 d Patient 61 
GCNIS GCNIS 


GCNIS 


Allele 1 
Allele 2 | f ' 


), Seminoma 

Alle 1 | | 

Allele 2 | 
Ly 


Seminoma Amp. 12p 
KRAS p.G12A — LOH Chr. 4 
/ LOH Chr. 9 
6 LOH Chr. 10 
Seminoma 
GCNIS 


Figure 1 | Mutational landscape and evolution from precursor lesions. 
a, Clinical and genomic overview. Each column represents a patient 
sample. The top four rows represent chemoresistant disease status, overall 
survival (OS) vital status, predominant histological classification of the 
primary sample (when available, or selected secondary sample otherwise), 
and anatomic site, respectively. The next three rows indicate the patient’s 
mutation status for the two significantly (*q < 0.1) mutated genes, and 
TP53. Next median copy number of chromosome arm 12p is shown, 
followed by the focal amplification status of KRAS (defined as KRAS copy 
number greater than 2x median 12p copy number). NS-SD refers to 
non-seminoma with sarcoma differentiation. b, Mutations in KRAS and 


primary TGCT tumours (Methods). In one representative case, both 
samples contained chromosome arm 12p gain; however, the only 
somatic putative driver mutation distinguishing the two samples was 
a KRASS!?4 mutation in the TGCT (0 out of 377 reads in GCNIS, 65 out 
of 340 reads in TGCT) (Fig. 1c, Extended Data Fig. 2a). A similar pat- 
tern of KRAS mutation exclusive to the TGCT and not in the patient- 
matched GCNIS was also seen in a second patient (0 out of 210 reads in 
GCNIS, 35 out of 184 reads in TGCT) (Fig. 1d, Extended Data Fig. 2b). 
Although not required for progression, activating KRAS mutations may 
occur after arm level gain of chromosome 12p, thereby indicating that 
these are two separate processes involved in TGCT evolution. 

While GCTs had low point mutation rates, nearly all tumours con- 
tained arm level gain of chromosome arm 12p, as previously described’. 
Given previous reports of aneuploidy in GCTs®*”!, we performed allelic 
and absolute copy number analysis through allele deconstruction?””* 
to determine whether there were specific copy number patterns in 
GCTs not been previously identifiable or reported (Methods). In a 
representative case (DFCI_7; Fig. 2a), coverage-based copy number 
analysis identified 12p gain, but only allelic copy number analysis 
revealed frequent arm and chromosome level gains of one parental 
allele with simultaneous loss of the other parental allele, leading to 
loss of heterozygosity (LOH). These reciprocal LOH (RLOH) events 
often maintained the germline number of DNA copies (copy-neutral 
LOH), but also frequently have further amplification of the remaining 
parental allele. For example, in DFCI_7 chromosome 4 has under- 
gone copy-neutral LOH, whereas chromosome 3q contains a LOH 
event in which the total copy number is three. Across the GCT cohort, 
the mean number of chromosomal arm level amplifications was 
28.3 +7.5 (mean +s.d.), which is significantly increased compared to 
6,509 tumours representing 19 other cancer types (P< 0.0001; Mann- 
Whitney) (Fig. 2b, Extended Data Fig. 3 and Supplementary Tables 5, 6). 
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RPLS. Each circle represents a mutation observed in a single patient, and 
labels indicate amino acid change. c, d, Phylogenetic relationship between 
GCNIS and primary TGCT. Histological slide images from DFCI_55 and 
DFCI_61 are shown on the left. Images in the pink borders are GCNIS 
and below in yellow are tumour images. Dark blue ink indicates the 
border of the lesion. Next to the histological images are phylogenetic 
trees determined by shared allelic copy number (CN) mutations. The 
non-shaded circle at the top of the tree indicates the patient’s germ line. 
Below that the filled grey is the inferred shared ancestor clone and then 
each sample branches ends in the sequenced sample. Above are allelic copy 
number data supporting the tree. 


Approximately 45% of arm level deletions contained a compensatory 
reciprocal amplification in GCTs, again sharply increased compared to 
other tumour types (P < 0.0001; Mann-Whitney) (Fig. 2c). 

To validate this RLOH pattern, we performed the same analysis on 
a separate primary TGCT fresh-frozen WES cohort (ICR GCT)° and 
observed similar frequencies of reciprocal copy number alterations 
(Fig. 2b, c, Extended Data Fig. 1b-d). Given the prevalence of arm 
level amplifications observed in GCTs, we performed a permutation 
test involving deleted chromosomal arms to examine whether these 
deletions would be compensatory by chance”? (Methods). We observed 
significantly increased reciprocal events in GCTs than expected by 
chance (empirical P < 0.0001) (Fig. 2d). Finally, to examine whether 
this copy number feature was an intrinsic germ-cell property and 
not related to microenvironmental features, we performed absolute 
copy number analysis on three tumours originating in the testes with 
non-germ-cell histologies and did not identify such chromosomal 
abnormalities (Extended Data Fig. 4). Overall, GCTs have a unique 
pattern of highly recurrent reciprocal copy number alterations in both 
discovery and validation cohorts. 

Despite extensive copy number events in GCTs, all TGCTs were 
TP53 wild type, and we only observed one TP53 mutation in a 
PMGCT. Transcriptome profiling of a patient subset (m= 28: 21 pri- 
mary TGCTs, five metastatic samples from TGCTs, and two PMGCT; 
Methods) demonstrated TP53 expressed across histologies (Fig. 3a, 
Supplementary Table 7). The overall constellation of genomic changes 
in clinical TGCT tumours—wild-type TP53, chromosome arm 12p 
gain, and additional recurrent copy number changes—is similar to 
adaptive mutations acquired by human ES cells during prolonged pas- 
saging in vitro”**>. Like GCTs, ES cells are acutely sensitive to DNA 
damage induced by chemotherapy, and it has been shown that this sen- 
sitivity is a result of intact p53 status and high mitochondrial priming”. 
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Figure 2 | RLOH in GCTs. a, Representative allelic somatic copy number 
data. Top, coverage-derived copy number events in a tumour. Bottom, 
the allele fraction of germ-line variants observed in the tumour. Regions 
in which there is LOH are coloured in purple and orange for the retained 
and lost allele, respectively. b, Arm level amplification rates in GCTs and 
19 other tumour types (see https://gdc.cancer.gow/resources-tcga-users/ 
tcga-code-tables/tcga-study-abbreviations for abbreviations). Shown are 
the distributions of counts of arm level amplifications, after controlling 
for whole-genome doubling, in samples from each tumour type. The 
distributions are estimated using a Gaussian kernel density*! and the 
median count is indicated by the black bar. GCTs (purple, with the 
independent replication series denoted as ICR GCT) have significantly 
more arm level amplifications than other tumour types (gold) (P< 0.0001; 


Also, one of the earliest identified susceptibility loci in TGCTs is in 
BAKI,a BCL2 antagonist and pro-apoptotic gene’, and chemosensitiv- 
ity in other cancer types has been associated with increased mitochon- 
drial priming’. We therefore proposed that the basis of chemosensitivity 
in TGCTs with a wild-type TP53 and RLOH abundant genomic back- 
ground was a result of a fundamental apoptotic propensity caused by 
increased mitochondrial priming. Mitochondrial priming refers to the 
intrinsic potential of cellular apoptotic propensity due to the balance 
of pro-apoptotic and anti-apoptotic BCL2 family proteins at the mito- 
chondria, a feature that can be assessed by BH3 profiling””. To test this 
hypothesis, we obtained fresh tumour samples from seven TGCTs (Fig. 3b) 
and performed dynamic BH3 profiling on the tumours and adjacent 
normal tissue” (Methods). In one representative case, we observed an 
increase in BIM BH3-induced mitochondrial depolarization between 
the tumour and adjacent normal (Fig. 3c) (P< 0.0001; paired t-test). 
Across the seven samples, BIM BH3-induced mitochondrial priming 
remained significant (Fig. 3d) (P< 0.0001; paired t-test). Thus, intact 
TP53, RLOH, and high mitochondrial priming may form the foundation 
of chemosensitivity in TGCTs. 

Although most TGCTs are cured with chemotherapy, some recur 
and approximately 10% of patients with metastatic disease will die from 
chemoresistant TGCT. To track the genomic evolution of chemore- 
sistant TGCTs, phylogenetic analysis of 13 WES tumour samples 
(pre- and post-chemotherapy) from 5 patients was performed (Fig. 4, 
Extended Data Fig. 5, Supplementary Table 8, Methods). Chromosome 
arm 12p was a truncal event shared in all samples. In each patient, the 
resistant tumour that arose after either first- or second-line chemo- 
therapy accumulated additional copy number events, including recip- 
rocal deletions and events involving new chromosomes (Fig. 4). In one 
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Mann-Whitney). ¢, Rate of reciprocal deletion on arms with amplification 
in GCTs and 19 other tumour types. For each sample, we counted the 
number of arm level amplifications with and without a reciprocal deletion. 
Shown are the mean fractions of amplified arms with a reciprocal arm level 
deletion, after controlling for whole-genome doubling. GCTs (purple) have 
significantly more reciprocal deletions than other tumour types (gold) 

(P< 0.0001; Mann-Whitney). d, Permutation test of arm level deletions. 
To generate a null distribution of reciprocal deletions, we shuffled arm 
level deletions within samples** and for each permutation we counted the 
number of observed reciprocal arm level deletions. Shown is a histogram 
of the counts of reciprocal deletions observed in permutations. The red 
line indicates the number observed in our dataset corresponding to an 
empirical P< 0.0001. 


patient with serial tumours resected over a 13-month period without 
intervening chemotherapy, the copy-number-derived phylogeny was 
proportional to the sequence and elapsed time of sample acquisition 
(Fig. 4a). In two cases in which the final post-chemotherapy sample 
had teratoma and/or poorly differentiated carcinoma components con- 
sistent with differentiation (Fig. 4b, c), complete genome doubling was 
observed. Notably, the pluripotency and apoptosis regulators NANOG 
and POUSF1 (also known as OCT3/4) expressed in GCT®*? were not 
expressed in the tumours obtained from metastatic deposits resistant 
to chemotherapy (Fig. 4e; P< 0.001, Mann-Whitney). They were also 
not expressed in the two incurable PMGCTs (Fig. 4e, Supplementary 
Table 7). Taken together, chemotherapy-resistant germ-cell tumours are 
associated with continued progression of RLOH copy number events 
and loss of pluripotency markers in this clinical cohort, although it is 
uncertain whether the loss of pluripotency markers is a driver of chemore- 
sistance’’?8, a marker of methylation changes in a further differentiated 
histology post-chemotherapy”’, or a feature of both processes. 

Overall, while GCTs represent a heterogeneous set of histological 
subtypes, they share a distinct burden and pattern of reciprocal copy 
number alterations. This observation is consistent with the notion that 
GCTs emerge, in part, through dysregulation in the mitosis/meiosis 
switch from arrested gonocytes, since this process may result in abnor- 
mal chromosomal segregation® and persist during the evolution of 
GCTs. Expanded molecular analysis may inform the initiators of RLOH 
and its role in oncogenesis. Subsets of these tumours acquire KRAS- 
activating mutations, although the necessity for KRAS mutation is less 
clearly defined, and these tumours lack recurrent nonsynonymous 
mutations in established cancer genes’®. Instead, chemosensitivity in 
TGCTs may be the result of high mitochondrial priming properties, and 
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Figure 3 | Mitochondrial priming in germ cell tumours. a, Gene 
expression of TP53 in GCTs. Values are in transcripts per million (TPM). 
b, BH3 profiling pipeline schematic. Samples were collected surgically 
and then processed immediately as previously described’. Mitochondrial 
priming was measured in both the tumour and normal samples after 
exposure to each peptide at varying concentrations. The priming caused 
by each peptide is compared to the negative and positive controls 
(dimethylsulfoxide (DMSO) and the uncoupler carbonyl cyanide-p- 
trifluoromethoxyphenylhydrazone (FCCP), respectively) and between the 
tumour and normal sample. BAD, BIM, HRK and PUMA denote BH3- 
only BCL2 proteins, and the values (0.3, 1, 100) represent micromolar 
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concentrations. c, Example comparison of peptide-induced depolarization 
in a tumour and normal sample. Mean depolarization across three 
replicates for the tumour (purple) and normal (grey) samples are shown. 
The tumour shows significantly more mitochondrial priming then the 
normal sample (P= 2.17 x 10~*; paired t-test). d, BH3 peptide profiling in 
tumour-normal pairs. Shown is the mean depolarization across replicates 
for seven tumour and normal samples subjected to each peptides at the 
maximum concentration. Matched tumour (purple) and normal (grey) 
samples are connected in red. Error bars in c and d denote s.d. *P < 0.05; 
**P < 0.01; NS, not significant (P > 0.05); paired t-test. 
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Figure 4 | Phylogenetic analysis and pluripotency of primary and 
metastatic GCTs. a—d, For each patient sample (DFCI_31 (a), DFCI_7 (b), 
DFCI_18 (c) and DFCL_9 (d)), histology proportion is indicated by pie charts 
within each phylogenetic tree. Treatments received after a given sample was 
acquired are listed below that respective sample (BEP, bleomycin, etoposide, 
cisplatin; TIP, paclitaxel, ifosfamide, cisplatin; VIP, vinblastine, ifosfamide, 
cisplatin). GD, genome doubling; RPLND, retroperitoneal lymph node 
dissection. Phylogenetic trees were constructed using allelic copy number 
deconstructions (Methods). Branches leading to primary samples are red, 
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and branches leading to metastases are purple. Dotted branches indicate 
deconstructions impacted by formalin-fixed, paraffin-embedded (FFPE) 
sample degradation, limiting length estimation. For patient DFCI_31 (a) the 
timeline below the tree shows time (months) and number of copy number 
events called by allelic deconstruction between samples (C, chest wall; L1, 
lung-01; L2, lung-02; M, mediastinal). e, Gene expression quantification 
of NANOG and POUSF1 in primary and metastatic GCTs. Values are in 
transcripts per million. The red point denotes a TP53-mutant mediastinal 
primary GCT (DFCI_19). **P<0.01, Mann-Whitney test. 
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molecular characterization paired with mitochondrial priming studies 
of treatment-resistant tumours may inform features exclusive to this 
rare patient subset with significant unmet medical need for new ther- 
apies. This strategy may also inform strategies to improve the efficacy 
of chemotherapy in other malignancies. 


Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper. 
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METHODS 


No statistical methods were used to predetermine sample size. The experiments 
were not randomized, and investigators were not blinded to allocation during 
experiments and outcome assessment. 

Patient enrollment. Patients with GCTs with available tumour and germline 
samples provided informed consent to an Institutional Review Board protocol 
that allows research molecular characterization of tumour and germline samples 
(Dana-Farber Cancer Institute 10-025 and 11-104). All available cases that met 
these criteria were included in this study. The clinical characteristics for these 
patients are available in Supplementary Tables 1 and 2. 

Pathology review and sample processing. All samples were reviewed by a geni- 
tourinary oncology pathologist (M.H.). After fixation and mounting, 5-10 10-1m 
slices from formalin-fixed, paraffin-embedded (FFPE) tumour blocks were 
obtained, and tumour-enriched tissue was macrodissected. Paraffin was removed 
from FFPE sections and cores using CitriSolv (Fisher Scientific), followed by 
ethanol washes and tissue lysis overnight at 56°C. Samples were then incubated at 
90°C to remove DNA crosslinks, and DNA (and when possible, RNA) extraction 
was performed using Qiagen AllPrep DNA/RNA Mini Kit (51306). Germline DNA 
was obtained from adjacent normal tissue or peripheral blood mononuclear cells. 
WES. WES from FFPE tumour samples and matched germline DNA was 
performed as previously described”. 

Library construction. DNA libraries for massively parallel sequencing were 
generated as previously described** with the following modifications: the initial 
genomic DNA input into the shearing step was reduced from 31g to 10-100 ng in 
50 il of solution. For adaptor ligation, Illumina paired-end adapters were replaced 
with palindromic forked adapters (purchased from Integrated DNA Technologies) 
with unique 8-base index molecular barcode sequences included in the adaptor 
sequence to facilitate downstream pooling. With the exception of the palindromic 
forked adapters, all reagents used for end repair, A-base addition, adaptor 
ligation, and library enrichment PCR were purchased from KAPA Biosciences in 
96-reaction kits. In addition, during the post-enrichment solid phase reversible 
immobilization bead cleanup, elution volume was reduced to 20,11 to maximize 
library concentration, and a vortexing step was added to maximize the amount of 
template eluted from the beads. Libraries with concentrations above 40 ng ul-}, as 
measured by a PicoGreen assay automated on an Agilent Bravo instrument, were 
considered acceptable for hybrid selection and sequencing. 

Solution-phase hybrid selection. The exon capture procedure was performed 
as previously described**: before hybridization, any libraries with concentrations 
>60 ng il! (as determined by PicoGreen) were brought to 60 ng il _', and 8.311 of 
library was combined with blocking agent, bait, and hybridization buffer. Libraries 
with concentrations between 50 and 60 ng jl! were normalized to 50 ng jl, 
and 10.31 of library was combined with blocking agent, bait, and hybridization 
buffer. Libraries with concentrations between 40 and 50 ng iil"! were normalized 
to 40 ng pl !, and 12.311 of library was combined with blocking agent, bait, and 
hybridization buffer. Finally, the hybridization reaction was reduced to 17h; with 
no changes to the downstream capture protocol. 

Preparation of libraries for cluster amplification and sequencing. After 
post-capture enrichment, libraries were quantified using PicoGreen, normalized 
to equal concentration using a Perkin Elmer MiniJanus instrument, and pooled by 
equal volume on the Agilent Bravo platform. Library pools were then quantified 
using quantitative PCR (KAPA Biosystems) with probes specific to the ends of the 
adapters; this assay was automated using Agilent’s Bravo liquid handling platform. 
On the basis of quantitative PCR (qPCR) quantification, libraries were brought 
to 2nM and denatured using 0.2 N NaOH on the Perkin-Elmer MiniJanus. After 
denaturation, libraries were diluted to 20 pM using hybridization buffer purchased 
from Illumina. 

Cluster amplification and sequencing. Cluster amplification of denatured 
templates was performed according to the manufacturer's protocol (Illumina), 
HiSeq v3 cluster chemistry and flowcells, as well as Illumina’s Multiplexing 
Sequencing Primer Kit, were used. DNAs were added to flowcells and sequenced 
using the HiSeq 2000 v3 Sequencing-by-Synthesis method, then analysed using RTA 
v.1.12.4.2 or later. Each pool of whole exome libraries was subjected to paired 76 bp 
runs. An 8-base index-sequencing read was performed to read molecular indices, 
across the number of lanes needed to meet coverage for all libraries in the pool. 
Alignment/assembly. Exome sequence data processing was performed using 
established analytical pipelines at the Broad Institute. A BAM file was pro- 
duced with the Picard pipeline (http://picard.sourceforge.net/), which aligns the 
tumour and normal sequences to the hg19 human genome build using Illumina 
sequencing reads. The BAM was uploaded into the Firehose pipeline (http://www. 
broadinstitute.org/cancer/cga/Firehose), which manages input and output files 
to be executed. 
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Sequencing quality control. Quality control modules within Firehose were applied 
to all sequencing data for comparison of the origin for tumour and normal geno- 
types and to assess fingerprinting concordance. Cross-contamination of samples 
was estimated using ContEst**. Samples with greater than 5% contamination or 
tumour purity less than 15% were excluded. All BAM files for this cohort are 
shared in dbGaP (phs000923.v1.p1). BAM files from the ref. 5 cohort were obtained 
through the European Genome-Phenome Archive (EGAS00001001084). 
Mutation calling and significance analysis. MuTect*! was applied to identify 
somatic single-nucleotide variants. Strelka*° was applied to identify small inser- 
tions or deletions. Artefacts introduced by DNA oxidation during sequencing 
were computationally removed using a filter-based method*°. Mutations with 
allelic fractions of less than 0.05 excluded. Annotation of identified variants was 
done using Oncotator*”. Mutational significance analysis was performed using 
MutSigCV**. Manual review of mutations in putative significantly mutated genes 
was subsequently performed using Integrated Genomics Viewer™. 

To compare mutations between distinct samples from the same patient, we used 

a previously described method” designed to recover evidence for mutations called 
in one sample in all other samples derived from the same individual. In brief, the 
‘force-calling’ method uses the strong prior of the mutation being present in at 
least one sample in the patient to more sensitively detect and recover mutations 
that might otherwise be missed. 
Copy number and phylogenetic analysis. Copy-ratio profiles were inferred using 
ReCAPSEG (http://gatkforums.broadinstitute.org/gatk/categories/recapseg- 
documentation). Read depth at capture probes in tumour samples was normalized 
using a panel of normal samples to model noise and other biases. The resulting 
normalized copy ratios are then segmented using the circular binary segmen- 
tation algorithm“. These data were then transformed into allelic copy number 
data via integration of allele fraction data from informative germline SNPs. Allelic 
copy number data allow for inference of contribution of each homologous allele 
to observed copy number shifts as well as identification of copy neutral events!”"*. 
Finally allelic copy number data was integrated with data from point mutations 
and short deletions and insertions as input to ABSOLUTE”. 

The ABSOLUTE algorithm was used as previously described to generate purity 
and ploidy solutions for each tumour samples (Supplementary Table 6). These 
solutions provided estimates of total allelic copy number and cancer cell frac- 
tion for mutations and copy number events in the tumour samples. ABSOLUTE 
solutions were selected using manual curation. Using methods previously 
described”, we performed allelic deconstruction using ABSOLUTE copy number 
data. In brief, deconstructions are performed using a Bayes approach in which like- 
lihood of event progressions are defined probabilistically. We defined copy number 
events as arm level if the event spanned at least 80% of that arm and affected at 
least one allele. Events were described as reciprocal if homologous chromosomes 
were amplified and deleted. We used the allelic copy number deconstructions to 
draw phylogenetic trees. A copy number event was considered shared between two 
related samples if each of those samples contained an event whose start points fell 
within two probes of one another, whose end points fell within two probes of one 
another, and whose event amplitude was identical. Arm lengths are proportional 
to number of events delineating the samples on the ends of the branch. 

We performed a permutation test of arm level deletions to determine the 
empirical significance of the observed rate of reciprocal deletions in our data 
set as previously described”. In brief, arm level deletions were shuffled between 
arms while keeping total deletions per sample constant. For each permutation 
the number of reciprocally deleted chromosome arms were counted. In 10,000 
iterations we did not observe the number of reciprocal events in our data set. 
Whole transcriptome sequencing and analysis: cDNA library construction. 
Total RNA was assessed for quality using the Caliper LabChip GX2. The percentage 
of fragments with a size greater than 200 nucleotides (DV200) was calculated using 
software. An aliquot of 200ng of RNA was used as the input for first strand cDNA 
synthesis using Illumina’s TruSeq RNA Access Library Prep Kit. Synthesis of the second 
strand of cDNA was followed by indexed adaptor ligation. Subsequent PCR amplifica- 
tion enriched for adapted fragments. The amplified libraries were quantified using an 
automated PicoGreen assay. Approximately 200 ng of each cDNA library, not includ- 
ing controls, was combined into 4-plex pools. Capture probes that target the exome 
were added, and hybridized for recommended time. After hybridization, streptavidin 
magnetic beads were used to capture the library-bound probes from the previous 
step. Two wash steps effectively remove any non-specifically bound products. These 
same hybridization, capture and wash steps are repeated to assure high specificity. 
A second round of amplification enriches the captured libraries. After enrichment the 
libraries were quantified with qPCR using the KAPA Library Quantification Kit for 
Illumina Sequencing Platforms and then pooled equimolarly. The entire process is in 
96-well format and all pipetting is done by either Agilent Bravo or Hamilton Starlet. 
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Illumina sequencing. Pooled libraries were normalized to 2nM and denatured 
using 0.1 N NaOH before sequencing. Flowcell cluster amplification and 
sequencing were performed according to the manufacturer's protocols using HiSeq 
2500. Each run was a 76-bp paired-end with an 8-base index barcode read. Data 
was analysed using the Broad Picard Pipeline which includes de-multiplexing and 
data aggregation. 

Analysis. All BAMs were deduplicated using Samtools"! before gene expression 
quantification. Gene expression quantification was performed using RSEM“* to 
generate transcripts per million. Comparison of gene expression was performed 
for POUSF1 and NANOG with Mann-Whitney test. 

BH3 profiling. Normal and cancer testicular tissue was obtained from the Brigham 
and Women’s Hospital Pathology Department (M.H.). Normal and tumour tissue 
was immediately processed. Tissue was chopped with a razor blade for 2 min 
until the tissue was a fine paste. It was then digested in trypsin with 10mg ml! 
collagenase IV and 10U ml! DNase I. The tissue was then incubated in digestion 
buffer at 37 °C for 21 min, vortexing hard every 7 min. The tissue was resuspended 
in full media (DMEM supplemented with 10% FBS, 2mM 1-glutamine, 100 U ml! 
penicillin, and 100,.g ml“! streptomycin) and passed through a 701M filter to 
generate a single-cell suspension. The cells were spun down, washed once with 
PBS, and red blood cells were lysed using RBC lysis buffer. Cells were washed again 
with PBS, counted, and then used for BH3 profiling analysis?”. 
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Inhibition of mTOR induces a paused 


pluripotent state 


Aydan Bulut-Karslioglu', Steffen Biechele!, Hu Jin?, Trisha A. Macrae!, Miroslav Hejna*?, Marina Gertsenstein‘4, 


Jun S. Song*? & Miguel Ramalho-Santos! 


Cultured pluripotent stem cells are a cornerstone of regenerative 
medicine owing to their ability to give rise to all cell types of the 
body. Although pluripotent stem cells can be propagated indefinitely 
in vitro, pluripotency is paradoxically a transient state in vivo, lasting 
2-3 days around the time of blastocyst implantation!. The exception 
to this rule is embryonic diapause, a reversible state of suspended 
development triggered by unfavourable conditions”. Diapause is 
a physiological reproductive strategy widely employed across the 
animal kingdom, including in mammals, but its regulation remains 
poorly understood. Here we report that the partial inhibition of 
mechanistic target of rapamycin (mTOR), a major nutrient sensor 
and promoter of growth’, induces reversible pausing of mouse 
blastocyst development and allows their prolonged culture ex 
vivo. Paused blastocysts remain pluripotent and competent—able 
to give rise to embryonic stem (ES) cells and live, fertile mice. We 
show that both naturally diapaused blastocysts in vivo and paused 
blastocysts ex vivo display pronounced reductions in mTOR activity, 
translation, histone modifications associated with gene activity 
and transcription. Pausing can be induced directly in cultured 
ES cells and sustained for weeks without appreciable cell death 
or deviations from cell cycle distributions. We show that paused 
ES cells display a remarkable global suppression of transcription, 
maintain a gene expression signature of diapaused blastocysts and 
remain pluripotent. These results uncover a new pluripotent stem 
cell state corresponding to the epiblast of the diapaused blastocyst 
and indicate that mTOR regulates developmental timing at the peri- 
implantation stage. Our findings have implications in the fields of 
assisted reproduction, regenerative medicine, cancer, metabolic 
disorders and ageing. 

Preimplantation mammalian embryos can develop in suspension 
culture ex vivo up to the blastocyst stage. The E3.5 mouse blastocyst 
collapses after ~24-48 h (Fig. 1a), but its survival can be extended for 
several days if nutrients like glucose or certain amino acids are removed 
from the medium*». We hypothesized that inhibiting growth pathways 
might induce a viable dormant state in blastocysts. We isolated blas- 
tocysts and cultured them ex vivo in the presence of small molecule 
inhibitors of translation, mTOR signalling, Myc family transcription 
factors or histone acetyltransferases (HATs) (Fig. 1a, b). We found that 
inhibition of translation, Myc or HATs has minimal effects on blasto- 
cyst survival, prolonging it by a maximum of 1 day relative to controls 
(Fig. 1b, Extended Data Fig. 1c—f). These results are in agreement with 
recent findings describing culture of Myc-depleted blastocysts for 18 h°. 
Remarkably, reducing mTOR activity using INK128 (ref. 7) enables a 
major extension of blastocyst culture by 9-12 days (equivalent days 
of gestation (EDG) 12.5-15.5) for the majority of embryos, reaching 
a maximum of 22 days ex vivo, that is, EDG25.5 (Fig. 1b). Given that 
mouse gestation lasts 19 days, these data indicate that blastocysts can 
be maintained in culture past the time it would take for birth to occur. 
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Figure 1 | mTOR inhibition induces blastocyst pausing ex vivo. 

a, Representative images of bright field and Oct4—GFP expression of 
blastocysts cultured ex vivo under indicated conditions. Scale bars, 25 zm. 
b, Kaplan-Maier survival curves of blastocysts cultured ex vivo with 
inhibitors. n, number of blastocysts tested. ****P < 0.0001 from log-rank 
(Mantel—Cox) test. c, Workflow of ES cell derivation from untreated or 
mTOR-inhibited embryos. d, ES cell derivation efficiency from untreated 
and mTOR-inhibited embryos. The reduced efficiency of derivation 

from mTOR-inhibited embryos may be due to a lower frequency of 
hatching from the zona pellucida. e, Representative images of bright field, 
Oct4—GFP (passage 2) and alkaline phosphatase staining (passage 4) of 
ES cells derived from untreated and mTOR-inhibited embryos. Original 
magnification, 200. f, Live-born mice generated by transfer of mTOR- 
inhibited blastocysts at EDG8.5 into surrogate females. See Extended Data 
Fig. 2a for details. 
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Figure 2 | Ex vivo paused blastocysts and in vivo diapaused blastocysts 
have similarly suppressed cellular functions. a, b, Workflow of the 
generation of ex vivo paused (a) and in vivo diapaused (b) blastocysts at 
EDG8.5. c-h, Ex vivo paused (c, e and g) and in vivo diapaused blastocysts 
(d, f and h) were stained for the indicated markers. c, d, 4EBP1 and Akt 
phosphorylation; e, f, nascent translation (HPG) or transcription (EU); 


Another recently developed inhibitor of mTOR (RapaLink- 1), which, 
like INK128, inhibits both mTORC1 and mTORC2 complexes®, greatly 
extends blastocyst survival ex vivo (Extended Data Fig. la—c). Allosteric 
inhibitors like rapamycin, which target just the mTORC1 complex, 
only marginally extend blastocyst survival (Extended Data Fig. la-c), 
suggesting that inhibition of both complexes is required for develop- 
mental pausing. mTOR-inhibited blastocysts retain a well-expanded 
blastocoel, activity of the Oct4-GFP transgene and normal expres- 
sion patterns of Nanog and Rex] (Fig. la, Extended Data Fig. 2a, b). 
Apoptosis markers are largely absent in the inner cell mass (ICM) but 
can be detected in the trophectoderm of mTOR-inhibited blastocysts 
(Extended Data Fig. 2c, d). 

Blastocysts cultured for 7 days in mTOR inhibitor give rise to ES 
cells (Fig. 1c, d) that express pluripotency markers (Fig. le). Moreover, 
blastocysts cultured in mTOR inhibitor for 4—5 days can give rise to 
live-born, fertile mice (Fig. 1f, Extended Data Fig. 3a, b). These results 
indicate that mTOR inhibition induces and sustains a reversible 
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g, h, H4K16ac and H3K36mez2. Representative images are shown. ICM is 
marked with dashed lines on the basis of Oct4 staining. Each ICM cell was 
quantified and pooled data from embryos were plotted in adjacent graphs. 
n=number of embryos. Values represent mean + s.d. P values are from 
two-tailed unpaired Student's t-test. Scale bars, 501m. 


paused pluripotent state (hereafter referred to as ‘paused’). Notably, 
cleavage-stage embryos cannot be paused by inhibition of mTOR and 
instead develop with a slight delay to the blastocyst stage (Extended 
Data Fig. 3c). 

Mouse blastocysts can undergo diapause in utero for up to 2 weeks 
if the pregnant female is lactating, a state that can be simulated 
hormonally’. In fact, the first ES cell lines were derived from diapaused 
blastocysts'°. We compared EDG8.5 blastocysts generated either ex vivo 
through mTOR inhibition or in vivo by hormonally inducing diapause 
in pregnant females? (Fig. 2a, b). A primary function of mTOR is to 
induce high translational output in growing cells by directly phospho- 
rylating and inactivating 4EBP1, a repressor of translation’. The levels 
of phospho-4EBP1, a target of mTORCI, are significantly reduced 
in paused and diapaused blastocysts relative to control blastocysts 
(Fig. 2c, d). Phospho-Akt, an mTORC2 target and positive regulator of 
proliferation and metabolism’, is also reduced in paused blastocysts, 
and to a lesser extent in diapaused blastocysts (Fig. 2c, d). Moreover, 
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Figure 3 | mTOR inhibition induces pausing of ES cells. a, Representative 
bright field images of ES cells cultured in serum, 2i and paused conditions 
(original magnification, x 100; media compositions listed). b, Expansion 
curves of serum, 2i and paused ES cells. Two biological replicates, each with 
three technical replicates, were performed. c, Flow cytometry analysis of 
apoptotic cell populations in serum, 2i and paused ES cells. Annexin V and 
Sytox Blue were used for early and late apoptosis. Eight technical replicates 
were performed. Error bars, s.d. d, Expansion curves of ES cells showing the 
reversible nature of the paused state. Two biological replicates, each with 
three technical replicates, were performed. e, Cell cycle analysis of serum, 
2i and paused ES cells, based on four technical replicates of each state. Error 
bars, s.d. f, Flow cytometry showing dilution of incorporated EdU in serum 
and paused ES cells. Three technical replicates are shown. g, Chimeric mice 
generated from G4 ES cells previously paused for 7 days and released from 
pausing before morula aggregations with albino host embryos. 


blastocysts paused ex vivo and diapaused in vivo display significant 
reductions in nascent protein synthesis relative to control embryos 
(Fig. 2e, f). These results are in agreement with previous reports showing 
reduced translation in diapaused blastocysts®!'. However, suppressed 
translation alone is not sufficient to drive pausing, evidenced by the 
only slight extension in ex vivo blastocyst survival upon inhibition of 
protein synthesis (Fig. 1b). 

mTOR is known to phosphorylate and inactivate regulators of auto- 
phagy. One major mTOR target in this context is Ulk1 (also known 
as Atg1)'*. Consistent with this notion, paused and diapaused blasto- 
cysts have reduced levels of phospho-Ulk1 (Extended Data Fig. 4a, b). 
Autophagy has previously been shown to be required for preimplantation 
development!? and implicated in blastocyst diapause in vivo'*. We 
found that the survival ratio and longevity of paused blastocysts 
are significantly reduced when co-treated with the UIk1 inhibitor 
SBI-0206965 (Extended Data Fig. 4c—e). Taken together with the 
published literature, these data suggest that autophagy is a component 
of blastocyst maintenance during developmental pausing. 
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We asked whether inhibition of growth and translation are associated 
with changes in transcriptional activity and chromatin landscape. We 
found that both paused and diapaused blastocysts display a marked 
reduction in nascent transcription (Fig. 2e, f). By immunofluorescence 
we did not detect significant changes in the global levels of H3K4me3, 
a chromatin mark associated with active promoters, or of H3K9me3, 
a heterochromatin mark (Extended Data Fig. 5b, c). By contrast, we 
found that both paused blastocysts and diapaused blastocysts exhibit 
sharply reduced levels of H4K16ac, H4K5/8/12ac and H3K36mez2, par- 
ticularly in the ICM (Fig. 2g, h, Extended Data Fig. 5a). Histone H4 
acetylation and H3K36me2 are highly correlated with transcriptional 
activity. Thus, developmental pausing involves a chromatin landscape 
associated with suppressed transcription. Nevertheless, neither 
inhibition of histone acetylation nor suppression of Myc-mediated 
transcription'>'° can sustain a paused blastocyst state (Fig. 1b). 
Moreover, the trophectoderm and the ICM appear to differ in terms of 
changes to their chromatin landscapes in response to mTOR inhibition, 
yet both display suppressed transcription and translation in agreement 
with data implicating mTOR in trophectoderm differentiation’. These 
results suggest that a combination of multiple effects downstream of 
mTOR inhibition on both the ICM and the trophectoderm mediates 
blastocyst pausing. 

Pluripotency exists in different states in vivo, which can be captured 
in vitro using distinct media formulations for ES cell culture!. We 
sought to capture the paused pluripotent state in vitro by inhibiting 
mTOR. ES cells cultured in serum with mTOR inhibitor (paused) grow 
at a much slower rate than cells in either serum or 2i and vitamin C!*!? 
conditions (see Fig. 3b). Paused ES cells can be sustained in culture 
for weeks without appreciable cell death (Fig. 3c), unlike ES cells with 
reduced levels of Myc activity®, and rapidly resume growth upon release 
from the mTOR inhibitor (Fig. 3d). 

Paused ES cells show the same cell cycle distribution as serum cells, 
whereas 2i cells have a slightly higher proportion of cells in GO/G1 
(Fig. 3e). However, the 5-ethynyl-2'-deoxyuridine (EdU) label, which 
marks S phase, is diluted at a much slower rate in paused cells than in 
serum cells (Fig. 3f). These data suggest that paused ES cells progress 
more slowly through the cell cycle, without preferential accumulation 
at any particular stage. Similarly to paused and diapaused blastocysts, 
paused ES cells have reduced levels of mTORC1/mTORC2 activity and 
nascent translation, correlating with a decrease in cell size (Extended 
Data Fig. 6b-d). Upon release from pause, ES cells contribute to high- 
grade, germline-transmitting mouse chimaeras (Fig. 3g, Extended Data 
Fig. 6e), confirming their full developmental potential in vivo. 

Paused ES cells display a global suppression of transcription, evident 
at both the total and nascent RNA levels (Fig. 4a, b). We next analysed the 
transcriptome of ES cells in serum, 2i and paused conditions. Owing to 
the significant differences in total RNA levels per cell between the three 
states, we first performed cell-number-normalized RNA sequencing 
(RNA-seq; see Methods, Extended Data Fig. 7, Supplementary Table 2). 
The analysis revealed a remarkably suppressed transcriptome in paused 
ES cells (Fig. 4c), in line with the hypotranscriptional state observed in 
paused and diapaused blastocysts. Notably, although the vast majority 
of genes are downregulated in the paused state relative to serum or 2i 
conditions, some transcriptional and translational repressors are selec- 
tively upregulated in paused ES cells (Fig. 4d). To further investigate 
the expression differences between the three states, we analysed gene 
expression levels relative to the total abundance of mRNA within each 
condition (that is, sequencing depth normalization, see Methods, 
Extended Data Fig. 8a). We found that the distribution of the tran- 
scriptome of paused ES cells is significantly biased towards a relative 
upregulation of repressors of transcription (Extended Data Fig. 8b-d, 
Supplementary Table 3). These results indicate that paused ES cells 
are characterized by a global state of hypotranscription, potentially 
mediated by a set of transcriptional repressors. These features make 
the paused ES cell transcriptome readily distinguishable from serum 
and 2i ES cells. 
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Figure 4 | Paused ES cells display global transcriptional suppression and 
mimic diapause. a, Total RNA amount per cell in three ES cell lines cultured 
in serum, 2i or pause conditions. The same cell lines were used for RNA- 
seq; numbers in parenthesis denote the biological replicates of each sample 
(c-e). b, Flow cytometry analysis of nascent transcription in the three 

states. Three technical replicates using E14 cells are shown. c, Hierarchical 
clustering showing standardized expression values for 5,992 genes with 
robust expression in at least one ES cell state (see Methods). d, Heat map 
representation of the indicated gene sets in serum, 2i and paused ES cells. 


We next compared the transcriptomes of serum, 2i and paused ES cells 
to previously published gene expression data of various developmental 
stages, including diapause”® (see Methods). This analysis revealed 
that paused ES cells have significant similarities with the diapaused 
epiblast but not with other developmental stages (Fig. 4e, f). These 
similarities are evident whether differential gene expression is analysed 
at the individual gene level or aggregated into gene ontology terms or 
annotated cellular pathways (Fig. 4f, Extended Data Fig. 9a, b). Unlike 
paused ES cells, the transcriptome of Myc-depleted cells® is not con- 
sistently correlated with that of the diapaused epiblast (compare Fig. 4f 
and Extended Data Fig. 9 with Extended Data Fig. 10). Pathway analyses 
comparing paused ES cells, Myc-depleted ES cells and the diapause 
epiblast show that, while upregulated pathways are often concordant, 
several downregulated pathways are discordant in Myc-depleted ES 
cells (Extended Data Fig. 10e). Notably, pathways coordinately upreg- 
ulated in paused ES cells and the diapaused epiblast are associated 
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Asterisks indicate repressor factors. e, f, Comparison of RNA-seq data from 
this study with distinct pluripotent cells in vivo”®. e, Hierarchical clustering 
indicating that the transcriptome of paused ES cells is similar to the in vivo 
diapaused epiblast. EPI, epiblast; MOR, morula. f, Scatter plots of gene 
ontology term expression. y axis represents log, fold change of gene ontology 
term expression in paused versus serum ES cells. x axes represent log, fold 
change of gene ontology term expression in the indicated developmental 
stages versus E4.5 epiblast. PrE, primitive endoderm. g, Model for the 
developmental pausing of blastocysts and ES cells by mTOR inhibition. 


with sugar and lipid metabolism and are downregulated in diseases 
such as diabetes and immune disorders (Extended Data Fig. 9c). 
Taken together, our results document that paused blastocysts and 
paused ES cells induced by mTOR inhibition mimic natural diapause 
functionally and at the molecular level. 

In summary, we show here that inhibition of mTOR allows the 
reversible suspension of developmental timing in mammalian embryos 
ex vivo (Fig. 4g). mTOR is essential for growth of mouse embryos at 
peri-implantation”’-**. Our results document that inhibiting MTOR 
captures a pluripotent stem cell state that, unlike previously described 
ES cell states, corresponds to a stage that can persist for weeks in vivo. 
These results pave the way for a genetic and molecular dissection 
of embryonic diapause. We speculate that the combinatorial effects 
of mTOR inhibition on transcription, translation and metabolism 
may be important for achieving developmental pausing. The ability 
to inhibit mTOR with small molecules allows direct comparisons 
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to other organisms and will contribute to studies of the evolution of 
developmental pausing”. It will be of interest to explore the utility of 
manipulations of the mTOR pathway in assisted reproduction, regen- 
erative medicine, preservation of cell viability after trauma and ageing. 
Moreover, the finding that mTOR inhibition induces a reversibly 
paused state in ES cells should be taken into consideration in cancer 
therapies that make use of mTOR inhibitors. 


Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper. 
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METHODS 

Animal studies. The following strains of mice were used (see details in following 
sections): Swiss Webster females and males, C57BL/6J or C57BL6/N males, B6. 
Cg-Tg(Pou5f1-GFP)1Scho** males, CD-1 females and males. 6-10-week-old female 
mice, and 6-week- to 6-month-old male mice were used. Animals were maintained 
on 12h light-dark cycle and provided with food and water ad libitum in individually 
ventilated units (Techniplast at TCP, Laboratory Products at UCSF) in the specific- 
pathogen-free facilities at UCSF and at TCP. All procedures involving animals were 
performed in compliance with the protocol approved by the IACUC at UCSE, as 
part of an AAALAC-accredited care and use program (protocol AN091331-03); 
and according to the Animals for Research Act of Ontario and the Guidelines of 
the Canadian Council on Animal Care. Animal Care Committee reviewed and 
approved all procedures conducted on animals at TCP. The experiments were not 
randomized and the investigators were not blinded to allocation during experi- 
ments and outcome assessment. No statistical methods were used to predetermine 
sample size estimate. 

Embryo culture. Unless otherwise indicated, Swiss Webster females were mated 
to Swiss Webster males, or to C57BL/6 males homozygous for an Oct4-GFP trans- 
gene (B6.Cg-Tg(Pou5fl-GFP)1Scho)*°. Preimplantation embryos were collected 
at indicated time-points after detection of the copulatory plug by flushing ovi- 
ducts (E1.5-E2.5) or uteri (E3.5) of pregnant females using M2 medium (Zenith 
Biotech) supplemented with 2% BSA (Sigma). Subsequent embryo culture was 
performed in 4-well plates in 5% O, 5% CO, at 37°C in KSOM4“ Evolve medium 
(Zenith Biotech) with 2% BSA and the following inhibitors, after optimization of 
concentrations: 200nM INK128 (Medchem Express), 2.5|1M 10058-F4 (Sigma), 
100ng ml! cycloheximide (Amresco), 501M Anacardic Acid (Sigma). Other 
mTOR inhibitors (AZD2014, Everolimus and Rapamycin (Medchem Express) 
and RapaLink-1 (gift of K. Shokat)) and autophagy inhibitors chloroquine (Sigma) 
and SBI-0206965 (Medchem Express) were used at the indicated concentrations 
under same culture conditions. 

Diapause induction. Diapause was induced as previously described? after natu- 
ral mating of Swiss Webster mice. Briefly, pregnant females were injected at E2.5 
and EDG5.5 with 10,.g tamoxifen (intra-peritoneally) and at E2.5 only with 3 mg 
medroxyprogesterone 17-acetate (subcutaneously). Diapaused blastocysts were 
flushed from uteri in M2 media after 4 days of diapause at EDG8.5. 

Embryo transfer. Both surgical and non-surgical embryo transfers (NSET) were 
performed. For surgical transfers, superovulated CD-1 females were mated to 
C57BL/6] or C57BL6/N males and embryos were flushed at E3.5. Embryo culture 
(as described above) and surgical embryo transfer into the uteri of 2.5 days post 
coitus pseudopregnant CD-1 females previously mated with vasectomized CD-1 
males was performed essentially as described”®. For NSET, Swiss Webster females 
were mated to vasectomized CD-1 males and transfer was performed at E2.5 of 
surrogate according to manufacturer’s instructions (ParaTechs, Lexington). Before 
embryo transfer, embryos were cultured in KSOM44, 2% BSA without inhibitor 
for 1h. In the cases indicated (Extended Data Fig. 1a), Caesarian delivery was per- 
formed at E20, followed by fostering to Swiss Webster females. Coat colour markers 
(agouti versus albino) were used to distinguish transferred embryos after birth. 
ES cell derivation. ES cell derivation was performed as previously described?’. 
Swiss Webster females were naturally mated to Swiss Webster-C57BL/6 males hete- 
rozygous for an Oct4-GFP transgene (B6.Cg-Tg(Pou5fl-GFP) 1Scho)”. Blastocysts 
were collected by flushing uteri of pregnant females at E3.5, and were seeded on 
feeders either immediately or after culturing for 7 days in KSOM44, 2% BSA, 
200nM INK128. Imaging of fluorescence driven by the Oct4-GFP transgene and 
alkaline phosphatase activity (VECTOR Red AP Substrate Kit, Vector Laboratories) 
was performed using a Leica DM IRB microscope. 

Embryo immunofluorescence. For immunofluorescence stainings, normal (E3.5), 
in vivo diapaused or ex vivo paused embryos were fixed in 4% paraformaldehyde 
for 15 min, washed with PBS and permeabilized with 0.2% Triton X-100 in PBS 
for 15min. After blocking in PBS, 2.5% BSA, 5% donkey serum for 1h, embryos 
were incubated overnight at 4°C with the following primary antibodies in block- 
ing solution: phospho-4EBP1 (Thr37/46, clone 236B4), phospho-Akt (Ser473), 
phospho-Ulk1 (Ser757), Nanog, c-Parp, c-Caspase3 (all from Cell Signaling), 
H3K4me3, H4K16ac, H4K5/8/12ac, H3K9me3 (all from Millipore), Oct4 and 
Rex] (Santa Cruz Biotechnology) and H3K36me2 (Abcam). Embryos were washed 
in PBS-Tween20, 2.5% BSA, incubated with fluorescence-conjugated secondary 
antibodies (Invitrogen) for 2h at room temperature, and mounted in VectaShield 
mounting medium with DAPI (Vector Laboratories). For labelling nascent tran- 
scription or translation, embryos were labelled in their respective culture medium 
for 20 min with EU (5-ethynyl uridine) or HPG (L-homopropargylglycine) following 
the manufacturer’s instructions for Click-iT RNA and protein labelling kits 
(Thermo Fisher Scientific). Imaging was performed using a Leica SP5 confocal 
microscope with automated z-stacking at 10,.m intervals. Cell Profiler Software”® 
was used for image quantification and Prism (Graphpad Software) was used for 


plotting data points. Datasets do not show similar variance between control and 
paused/diapaused embryos in all cases, therefore we applied Welch's correction to 
the statistical analysis. 

ES cell culture. E14 (from B. Skarnes, Sanger Institute), Oct4-GiP (from A. Smith, 
University of Cambridge) and v6.5 (from R. Blelloch, UCSF) ES cell lines were 
used. ‘Serum’ cells were cultured in ES-FBS medium: DMEM GlutaMAX with 
Na Pyruvate (Thermo Fisher Scientific), 15% FBS (Atlanta Biologicals), 0.1 mM 
non-essential amino acids, 50 U ml! penicillin/streptomycin (UCSF Cell Culture 
Facility), 0.1 mM EmbryoMax 2-Mercaptoethanol (Millipore) and 2,000 U ml! 
ESGRO supplement (LIF, Millipore). ‘2 cells were cultured in ES-2i medium: 
DMEM/F-12, Neurobasal medium, 1 x N2/B27 supplements (Thermo Fisher 
Scientific), 14M PD0325901, 3,4.M CHIR99021 (Selleck Chemicals), 50 1M 
Ascorbic acid (Sigma) and 2,000 U ml! ESGRO supplement (LIF) (Millipore). 
‘Paused’ cells were cultured in ES-FBS medium containing 200nM INK128 
(Medchem). ES cells can also be paused in 2i medium, but the mTOR inhibitor 
needs to be removed at each passaging and reintroduced after colony formation 
to avoid major cell death (Extended Data Fig. 6a). The cell lines have not been 
authenticated. E14 and v6.5 tested negative for mycoplasma contamination. Oct4- 
GiP was not tested. 

Generation of chimaeras. R1 (129S1 x 129X1)”’ and G4 (12986 x B6N)* ES cells 
were used for morula aggregations. ES cells were cultured in DMEM containing 
10% FBS (Wisent, lot-tested to support generation of germline chimaeras), 10% 
KnockOut Serum Replacement, 2mM GlutaMAX, 1mM Na Pyruvate, 0.1mM 
non-essential amino acids, 0.1 mM 2-Mercaptoethanol (all Thermo Fisher 
Scientific), 1,000 U ml”! LIF (Millipore). G4 ES cells were grown on MEF obtained 
from TgN(DR4)1Jae/J mice at all times except one passage on gelatinized tissue 
culture plates before aggregation. R1 ES cells were cultured in feeder-free con- 
ditions on gelatinized tissue culture plates. CD-1 (ICR) (Charles River) outbred 
albino stock was used as embryo donors for aggregation with ES cells and as pseu- 
dopregnant recipients. Details of morula aggregation can be found in”*. Briefly, 
embryos were collected at E2.5 from superovulated CD-1(ICR) female mice. 
Zonae pellucidae of embryos were removed by the treatment with acid Tyrode's 
solution (Sigma). ES cell colonies were treated with 0.05% Trypsin-EDTA to lift 
loosely connected clumps. Each zona-free embryo was aggregated with 10-15 ES 
cells inside depression well made in the plastic dish with an aggregation needle 
(BLS Ltd, Hungary) and cultured overnight in microdrops of KSOM™4 covered 
by embryo-tested mineral oil (Zenith Biotech) at 37°C in 94% air/6% CO. The 
following morning morulae and blastocysts were transferred into the uteri of E2.5 
pseudopregnant CD-1(ICR) females previously mated with vasectomized males. 
Chimaeras were identified at birth by the presence of black eyes and later by the 
coat pigmentation. Chimeric males with more than 50% coat colour contribution 
were individually bred with CD-1(ICR) females. Germline transmission of ES 
cell genome was determined by eye pigmentation of pups at birth and later by the 
coat pigmentation. 

Western blot analysis. 1 x 10° cells were collected and lysed in RIPA buffer con- 
taining 1x Protease Inhibitor Cocktail, 1 mM PMSF, 5mM NaVO, and 5mM 
NaF. Extracts were loaded into 4—15% Mini-Protean TGX SDS Page gels (Bio- 
Rad). Proteins were transferred to PVDF membranes. Membranes were blocked 
in 5% milk/PBS-T buffer for 30 min and incubated either overnight at 4°C or 1h 
at room temperature with the following antibodies: 4EBP1 (total or pThr37/46), 
S6K1 (total or pThr389), Akt (total or pSer473), mTOR (total or pSer2448) (Cell 
Signaling Technology), Gapdh (Millipore) and anti-rabbit/mouse secondary anti- 
bodies (Jackson Labs). Membranes were incubated with ECL or ECL Plus reagents 
and exposed to X-ray films (Thermo Fisher Scientific). 

Cell cycle analysis. 4 x 10° cells were seeded on 6-well plates. After overnight cul- 
ture, cells were incubated for 1h with 5-ethynyl-2-deoxyuridine (EdU) diluted to 
10\M in the indicated ES cell media. All samples were processed according to the 
manufacturer's instructions (Click-iT EdU Alexa Fluor 488 Imaging Kit, Thermo 
Fisher Scientific). EdU incorporation was detected by Click-iT chemistry with an 
azide-modified Alexa Fluor 488. Cells were resuspended in EdU permeabilization/ 
wash reagent and incubated for 30 min with FxCycle Violet Stain (Thermo Fisher 
Scientific). For EdU dilution experiments, ES cells were labelled for 90 min in 
serum, and afterwards were split into either serum or pause conditions; EdU ana- 
lysis was done every 12h for 48h. Flow cytometric was performed on a LSRII flow 
cytometer (BD) and analysed using FlowJo v10.0.8. Data sets show similar variance. 
Analysis of nascent transcription or translation. Total nascent transcription 
(Ethynyl Uridine, EU) or translation (L-homopropargylglycine, HPG) were 
assessed in ES cells using the Click-iT RNA Alexa Fluor 488 HCS Assay kit accord- 
ing to the manufacturer's instructions (Thermo Fisher Scientific). Samples were 
analysed on a BD LSRII. Datasets show similar variance. 

Analysis of apoptosis. After overnight culture on a 96-well plate, ESCs were 
washed once with PBS and trypsinized to single cells. They were resuspended in 
1011 of Annexin V diluted 1:100 in Binding Buffer (BioLegend) and incubated for 
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10 min in the dark. Cells were resuspended in 901] of binding buffer with Sytox 
Blue (Thermo Fisher Scientific) at 1:10,000. Data were collected on a BD LSRII. 
Datasets show similar variance. 

Generation and sequencing of RNA-seq samples. Three replicates were used for 
all samples. Freshly collected single-cell suspensions were sorted on a FACSAriall 
cell sorter to collect 10° cells for each sample. Total RNA was isolated using the 
RNeasy kit (Qiagen). All samples were spiked-in with ERCC control RNAs 
(Thermo Fisher Scientific) following manufacturer’s recommendations. mRNA 
isolation and library preparation were performed on 250 ng total RNA from all 
samples using NEBNext Ultra Directional RNA library prep kit for Illumina 
(New England Biolabs). Samples were sequenced at The Center for Advanced 
Technology, UCSF on Illumina HiSeq2500. 

Mapping reads. Single-end 50-bp reads were mapped to the mm10 mouse reference 
genome using Tophat2 (ref. 31) with default parameters. We used Cuffnorm and 
Cuffdiff with the gtf file from UCSC mm10 (Illumina iGenomes July 17, 2015 
version) as transcript annotation to evaluate relative expression level of genes 
(fragments per kilobase of transcript per million mapped reads (FPKM)) and call 
differentially expressed genes. The alignment rate exceeded 96% in all of our sam- 
ples, yielding ~40 million aligned reads per sample. Data from ref. 20 and ref. 6 
were downloaded from GEO and ArrayExpress, respectively, and processed with 
the same pipeline as our data. 

Normalizing absolute expression. The absolute abundance of mRNA transcripts 
was estimated using the ERCC92 RNA spike-in**. ERCC92 contains 92 synthetic 
sequences with lengths ranging from 250 to 2,000 bp and concentration rang- 
ing over several orders of magnitude. ERCC sequences were designed to mimic 
mammalian mRNA, but are not homologous to the mouse genome, ensuring their 
unique mappability. We aligned the reads to the 92 reference spike-in sequences 
and compared the abundance of these sequences between different samples. As 
ERCC sequence abundances followed a highly linear trend in all pairs of samples 
across at least 5 orders of magnitude (Pearson correlation coefficient larger than 
99.7%, see Extended Data Fig. 7), we assessed the absolute abundance of mRNA 
as the number of mRNA fragments per kilobase of transcript per 10 thousand 
mapped reads of ERCC. The overall abundance of ERCC spike-in sequences in 
our samples varied from 0.3% to 0.5% of aligned reads. 

Suppressing batch effects and clustering. To facilitate better comparison between 
our data and data from ref. 20 and to reduce possible batch effects, in Fig. 4e, 
we followed the ‘batch mean-centering’ approach widely used in microarray gene 
expression data analysis for batch effect removal". Specifically, we separately 
mean-centred the log>(FPKM + 1) value of each gene by subtracting the mean 
logo(FPKM + 1) across all our samples (serum, 2i and paused) and across the 
samples from ref. 20. The numerical values of the mean-centred expression may 
not be directly comparable across all samples, because they may still have different 
dynamic ranges in different batches. We therefore used 1 — Spearman correlation 
coefficient as distance in the hierarchical clustering. 

Clustering analysis. In Fig. 4c, we identified 5,992 genes with robust expression 
(cell-number-normalized expression value >50 in serum, 2i, or paused states). The 
cell-number-normalized expression value of each gene was standardized across the 
9 samples by subtracting the mean and then dividing by the standard deviation. 
Hierarchical clustering was performed using the standardized expression values 
using Euclidean metric and average linkage. In Fig. 4e, in order to compare our 
samples with those from ref. 20, we used the log»(FPKM + 1) value of each gene. 
Hierarchical clustering was performed using mean-centred (within each batch) 
expression values of 9,418 genes robustly expressed (FPKM >10) in at least one 
cell state (serum, 2i, paused, diapause EPI, E2.5 MOR, E3.5 ICM, E4.5 EPI, E4.5 
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PrE, E5.5 EPI, or ESC 2i/LIF). 1 — Spearman correlation coefficient was used as 
distance and average linkage was used. 

Pairwise GO term expression analysis. For each of the 3,772 gene ontology terms 
that are associated with at least 10 genes*4, we defined the gene ontology term 
expression as the mean FPKM values of genes associated with the corresponding 
term. In Fig. 4f, the log, fold-change of gene ontology term expressions between 
paused ES cells and serum ES cells was plotted on the y axis against that between 
various samples in ref. 20 and E4.5 EPI on the x axis. The Spearman correlation 
coefficient of the 3,772 gene ontology terms is indicated. Extended Data Figure 10a 
was generated similarly, but with the log, fold-change of gene ontology term 
expressions between Myc DKO and wild-type cells from ref. 6 on the y axis. 
Pairwise pathway expression analysis. For each of the 281 KEGG pathways that 
contain at least 10 genes*°, we defined the pathway expression as the mean FPKM 
values of genes associated with the corresponding pathway. In Extended Data 
Fig. 9b, the log, fold change of pathway expressions between paused ES cells and 
serum ES cells was plotted on the y axis against that between various samples in 
ref. 20 and E4.5 EPI. The Spearman correlation coefficient of the 281 pathways 
was indicated. Extended Data Fig. 10c was generated similarly, but with the log, 
fold change of pathway expressions between Myc dKO and wild-type cells from 
ref. 6 on the y axis. 

Code availability. Custom codes used for the RNA-seq analysis are available upon 
request. 

Data availability. RNA-seq data have been deposited in Gene Expression Omnibus 
(GEO) under accession number GSE81285. RNA-seq data from refs 6 and 20 are 
available under the accession numbers GSE74337 and E-MTAB-2958. The authors 
declare that all other data supporting the findings of this study are available within 
the paper and its supplementary information files. 
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Extended Data Figure 1 | Catalytic mTOR inhibitors can induce 
blastocyst pausing. a, b, Kaplan-Meier survival curves of blastocysts 
cultured with two catalytic mTor inhibitors RapaLink-1 and AZD2014 
(a) and two allosteric mTOR inhibitors rapamycin and everolimus (b) at 
different concentrations. c, Kaplan-Meier survival curves of blastocysts 
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cultured with all 5 mTOR inhibitors used in this study. The concentrations 
yielding the best survival outcome are shown. d, Kaplan-Meier survival 
curves of blastocysts cultured with the Myc-inhibitor 10058-F4 at 551M, 
as in ref. 6. Dotted lines indicate the time of blastocyst flushing (E3.5). 
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Extended Data Figure 2 | The ex vivo paused epiblast retains naive for Nanog (a), Rex1 (b), cleaved caspase 3 (c) and cleaved Parp1 (d). 
pluripotency markers and is devoid of apoptosis. It is possible Oct4 staining is shown in all cases as a marker of the ICM. Note that the 
that the signs of apoptosis in the trophoectoderm contribute to the ubiquitous staining pattern for Rex] is as expected*®. Scale bar, 501m. The 
eventual demise of mTOR-inhibited blastocysts after prolonged culture. number of embryos analysed (n) is indicated. 


a-d, Immunofluorescence images of untreated versus paused blastocysts 
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Extended Data Figure 3 | Only blastocyst-stage embryos can be 
sustainably paused and they can give rise to live, fertile mice. 

a, Detailed information on the generation of live mice from paused 
blastocysts by transfer into pseudo-pregnant surrogate females. Conditions 
used and live birth events are indicated. NSET, non-surgical embryo 
transfer; ET, embryo transfer (surgical). b, Live pups born as a result of 
mating mice generated from paused blastocysts with wild-type ICR mice. 
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All tested mice (5 out of 5, from a total of 15 mice generated from 

paused blastocysts) proved to be fertile. c, Representative images of 

ex vivo cultured 2- or 8-cell embryos with or without the mTOR inhibitor. 
Cleavage-stage embryos proceed to generate blastocysts even in presence 
of mTOR inhibitor. n represents number of blastocysts developed per 
number of tested cleavage stage embryos. 
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Extended Data Figure 4 | Paused blastocysts show signs of autophagy. cultured with chloroquine in the presence or absence of the mTOR- 
a, b, Immunofluorescence images of phosphorylated Ulk1 in untreated inhibitor INK128. CQ treatment leads to blastocysts collapse, as previously 
versus paused (a), or normal versus diapaused (b) embryos. Oct4 staining reported*”, The experiment was terminated at EDG8.5. e, Kaplan-Meier 


is shown as a marker of the ICM. Scale bar, 50j1m. The number of embryos survival curves of blastocysts cultured with the autophagy/UlIk1 inhibitor 
analysed () is indicated. Error bars indicate standard deviation. P values SBI-0206965 in the presence or absence of the mTOR inhibitor INK128. 


are from two-tailed unpaired Student's t-test. c, Images showing embryos Inhibition of Ulk1 leads to decreased survival of paused blastocysts. 
retrieved at different developmental stages incubated with the autophagy/ ** P< (0.01 from log-rank (Mantel—Cox) test. Dotted lines indicate the 
lysosomal inhibitor chloroquine (CQ) for 24h. The number of embryos time of blastocyst flushing (E3.5). 


analysed () is indicated. d, Kaplan-Meier survival curves of blastocysts 
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Extended Data Figure 5 | In vivo diapaused blastocysts have (c) levels. Oct4 staining is shown in all cases as a marker of the ICM. Scale 
reduced histone H4 acetylation. a—c, Immunofluorescence images bar, 501m. The number of embryos analysed (n) is indicated. Graphs show 
and quantification at the single ICM cell level of normal versus in vivo data pooled from all embryos. Error bars indicate standard deviation. 


diapaused blastocysts for H4K5/8/12ac (a), H3K4me3 (b) and H3K9me3 P values are from two-tailed unpaired Student's t-test. 
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Extended Data Figure 6 | Partial inhibition of mTOR activity results in 
ES cell pausing. a, Representative image showing morphology of ES cells 
paused in 2i medium, with removal of the mTOR inhibitor at passaging. 
Under these conditions, ES cells can be discontinuously paused in 2i 
medium. b, Western blot showing moderately reduced 4EBP1 and S6K1 
phosphorylation, which are mediated by mTORCI, and abolished Akt 
phosphorylation, which is mediated by mTORC2, in paused ES cells. For 
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Extended Data Figure 7 | ERCC sequence abundances followed a followed a highly linear trend in all pairs of samples across at least 5 orders 
highly linear trend in all pairs of samples across at least five orders of of magnitude (Pearson correlation coefficient larger than 99.7%). Diagonal 
magnitude. The absolute abundance of mRNA transcripts was estimated entries in the figure matrix show the density of read counts. ERCC 
using the ERCC92 RNA spike-ins**. Sequencing reads were aligned to the RNAs are consistently detected at higher abundance in the paused state 


92 reference spike-in sequences and the abundance of these sequences compared to serum and 2i. 
between different samples was compared. ERCC sequence abundances 
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dividing by the standard deviation. Hierarchical clustering was performed 
with different states of ES cells. a, Clustering of dynamically expressed 


using the standardized expression values using Euclidean metric and 
genes. Heat map shows 3,864 dynamically expressed genes (differentially average linkage. b-d, Selected GO terms enriched in the annotations 
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Supplementary Table 3 for complete list of significant gene ontology terms 
standardized across the nine samples by subtracting the mean and then associated with each ES cell state. 
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Extended Data Figure 9 | Analysis of RNA-seq data indicates that 
paused ES cells mimic embryonic diapause. a, b, Scatter plots showing 
gene expression (9,418 genes that have FPKM >10 in any of our or 
Boroviak’s samples are shown) (a) and pathway expression (b) comparing 
paused ES cells to different developmental stages. Spearman correlation 
coefficients and P values indicate a significant similarity of paused ES 
cells to the diapaused epiblast. y axes represent log, fold change in gene 
expression (a) or pathway expression (b) in paused versus serum ES 
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cells. x axes represent log, fold changes in gene expression (a) or pathway 
expression (b) in the different developmental stages (indicated above 
plots) versus E4.5 epiblast. Red boxes indicate the developmental stage 
that paused ES cells are closest to in each analysis. c, Scatter plot showing 
pathway expression in paused/serum ES cells (y axis) versus diapaused 
epiblast/E4.5 epiblast (x axis) as in (b). Pathways coordinately upregulated 
(red) or downregulated (blue) in paused ES cells and diapaused epiblast 
are indicated next to the scatter plot. 
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Extended Data Figure 10 | Analysis of RNA-seq data indicates that Myc 
double knockout (DKO) cells have similarities to embryonic diapause 
at the GO term and pathway levels, but to a lesser extent than paused 
ES cells. a-c, Scatter plots showing gene ontology term expression (a), 
gene expression (b), and pathway expression (c) comparing Myc DKO ES 
cells® to different developmental stages, similarly to Fig. 4f and Extended 
Data Fig. 9a, b. Red boxes indicate the developmental stage that Myc DKO 
ES cells are closest to in each analysis. d, Scatter plots showing ‘diapause- 
driver’ gene expression (1,324 genes that are differentially expressed 
between the diapaused epiblast and E4.5 epiblast) in paused ES cells 

(left panel) and Myc DKO cells (right panel) compared to the 
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diapaused epiblast. Pseudocount 1 was used when calculating the log, 
fold changes. Spearman correlation coefficient and P value indicates a 
statistically significant similarity of paused ES cells, but not Myc DKO 
cells, to the diapaused epiblast. e, Scatter plot showing pathway expression 
in paused ES cells versus the diapaused epiblast, as in Extended Data 
Fig. 9c. Colour-coded expression levels of these pathways in Myc DKO 
ES cells are superimposed onto this graph. Numerical values for selected 
pathways are indicated. Upregulated pathways are in general concordant 
in paused and Myc DKO ES cells, whereas downregulated pathways are 
mostly discordant. 
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RIPK1 counteracts ZBP1-mediated necroptosis to 


inhibit inflammation 


Juan Lin!*, Snehlata Kumari!*, Chun Kim!*, Trieu-My Van!, Laurens Wachsmuth!, Apostolos Polykratis!' & Manolis Pasparakis! 


Receptor-interacting protein kinase 1 (RIPK1) regulates cell death 
and inflammation through kinase-dependent and -independent 
functions!~’. RIPK1 kinase activity induces caspase-8-dependent 
apoptosis and RIPK3 and mixed lineage kinase like (MLKL)- 
dependent necroptosis®!’. In addition, RIPK1 inhibits apoptosis 
and necroptosis through kinase-independent functions, which 
are important for late embryonic development and the prevention 
of inflammation in epithelial barriers!*1*. The mechanism by 
which RIPK1 counteracts RIPK3-MLKL-mediated necroptosis 
has remained unknown. Here we show that RIPK1 prevents skin 
inflammation by inhibiting activation of RIPK3-MLKL-dependent 
necroptosis mediated by Z-DNA binding protein 1 (ZBP1, also 
known as DAI or DLM1). ZBP1 deficiency inhibited keratinocyte 
necroptosis and skin inflammation in mice with epidermis- 
specific RIPK1 knockout. Moreover, mutation of the conserved 
RIP homotypic interaction motif (RHIM) of endogenous mouse 
RIPK1 (RIPK1™®™) caused perinatal lethality that was prevented 
by RIPK3, MLKL or ZBP1 deficiency. Furthermore, mice expressing 
only RIPK1™®™" in keratinocytes developed skin inflammation that 
was abrogated by MLKL or ZBP1 deficiency. Mechanistically, ZBP1 
interacted strongly with phosphorylated RIPK3 in cells expressing 
RIPK1™®4™, suggesting that the RIPK1 RHIM prevents ZBP1 from 
binding and activating RIPK3. Collectively, these results show that 
RIPK1 prevents perinatal death as well as skin inflammation in 
adult mice by inhibiting ZBP1-induced necroptosis. Furthermore, 
these findings identify ZBP1 as a critical mediator of inflammation 
beyond its previously known role in antiviral defence and suggest 
that ZBP1 might be implicated in the pathogenesis of necroptosis- 
associated inflammatory diseases. 

Mice with epidermis-specific RIPK1 deficiency (RipkI/"K 14- 
cre!" hereafter referred to as RIPK1E*°) develop skin inflamma- 
tion owing to RIPK3-MLKL-dependent keratinocyte necroptosis"*. 
We hypothesized that other RHIM-containing proteins may induce 
RIPK3-MLKL-mediated necroptosis in RIPK1-deficient keratinocytes. 
In addition to RIPK1 and RIPK3, the only other proteins containing 
RHIM in humans and mice are TRIF and ZBP1 (refs 3, 6, 19, 20). We 
showed previously that TRIF deficiency very mildly ameliorates but 
does not prevent skin inflammation in RIPK1**° mice", suggesting 
that TRIF is not essential for RIPK3 activation and necroptosis in 
RIPK1-deficient epidermal keratinocytes. ZBP1 is a RHIM-containing 
protein previously identified as a cytoplasmic DNA sensor capable of 
inducing type I interferon expression and NF-kB activation’? *?, More 
recently, ZBP1 was shown to induce necroptosis by activating RIPK3 
independently of RIPK1 in response to cytomegalovirus infection”. 
We therefore hypothesized that ZBP1 might be implicated in triggering 
RIPK3 activation and necroptosis in epidermal keratinocytes of 
RIPK1!*° mice. Immunoblot analysis of epidermal extracts showed 
that ZBP1 was expressed at low levels in wild-type mice but its expres- 
sion was strongly increased in the epidermis of RIPK1**° mice at the 


age of four weeks (Fig. 1a), supporting the idea that ZBP1 could be 
involved in triggering keratinocyte necroptosis in this model. 

To address the potential role of ZBP1 in triggering keratinocyte 
necroptosis and skin inflammation in RIPK1=*° mice, we crossed 
them with Zbp1~/~ mice”. RIPK1**°Zbp1—'~ mice did not show 
macroscopic signs of skin disease at the age of four weeks, in con- 
trast to RIPK1™*° animals that displayed inflammatory skin lesions 
at this age (Extended Data Fig. 1a). Histological analysis confirmed 
that 4-5-week-old RIPK1®*° Zbp1~/~ animals did not develop skin 
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Figure 1 | ZBP1 induces keratinocyte necroptosis and skin 
inflammation in RIPK1™*° mice. a, Immunoblot analysis of ZBP1, 
RIPK1 and GAPDH in epidermal protein extracts from wild type (Ripk 7) 
and RIPK1!*° mice at postnatal day 3 (P3) and P28. Lanes represent 
samples from individual mice. For gel source data, see Supplementary 
Fig. 1. b, Skin sections from 4—5-week-old mice were stained with H&E 
or immunostained with the indicated antibodies. Representative images 
shown (RIPK1>*° n=9 for H&E and n > 6 for immunostainings; 
RIPK1®®° Zbp1-'~ n= 10 for H&E and n> 3 for immunostainings). Scale 
bars, 501m. ¢, Microscopic quantification of epidermal thickness and 
inflamed skin area in 4—5-week-old mice with the indicated genotypes. 

d, qRT-PCR analysis of the mRNA expression of the indicated cytokines 
and chemokines in RNA isolated from total skin from 4-5-week-old mice 
with the indicated genotypes. *P < 0.05; **P < 0.01; ***P < 0.005. 
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Figure 2 | Mutation of the RIPK1 RHIM domain causes perinatal 
lethality and inflammatory skin hyperplasia in mice. a, Table showing 
the numbers of weaned offspring of Ripk1™®#!/T parents from two 
independently generated knock-in lines (L1 & L2). b, Skin sections from 
E18.5 pups were stained with H&E or TUNEL or immunostained for CC3 
or F4/80. Representative images shown (wild type n= 6 for H&E, n=3 for 
TUNEL, anti-CC3 and anti-F4/80; Ripk1™®M/"RHIM » — 5 for H&E and 
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lesions, as shown by normal epidermal thickness and typical expression 
of epidermal differentiation markers including keratins 14, 10 and 6 
(Fig. 1b, c). In addition, the skin of RIPK1EK° Zbp1 ~'~ mice did not 
show increased infiltration of F4/80* myeloid cells and upregulation of 
inflammatory cytokines and chemokines (Fig. 1b, d). ZBP1 deficiency 
also reduced the number of keratinocytes stained with terminal deox- 
ynucleotidyl transferase (UTP nick end labelling (TUNEL) in the epi- 
dermis of RIPK1®*° mice (Extended data Fig. le, f), suggesting that it 
prevented keratinocyte necroptosis. RIPK1=*° Zbp1~/~ mice remained 
healthy until the age of 18-20 weeks, but subsequently progressively 
developed inflammatory skin lesions; however, these remained milder 
and focal compared to the severe inflammation affecting the entire skin 
observed in 4-5 week-old RIPK1®®° mice (Extended Data Fig. 1b-d). 
Therefore, ZBP1 deficiency strongly inhibited, but did not completely 
prevent, skin inflammation in RIPK1®*° mice, in contrast to RIPK3 
or MLKL deficiency that fully abrogated lesion development in these 
animals!*. These results suggest that ZBP1 plays a critical role in the 
induction of RIPK3-MLKL-dependent keratinocyte necroptosis in 
RIPK1£*° mice but, in its absence, alternative mechanisms can acti- 
vate RIPK3 to trigger necroptosis. Although keratinocyte-specific TRIF 
deficiency did not considerably inhibit skin inflammation in RIPK1>*° 
mice, it is possible that TRIF might contribute to skin lesion develop- 
ment in the absence of ZBP1 in adult RIPK1®*° Zbp1~~ animals. To 
address whether ZBP1 is generally required for keratinocyte necropto- 
sis we assessed the role of ZBP1 in mice with epidermis-specific FADD 
deficiency (FADD®®°), which develop skin inflammation owing to 
RIPK3-mediated keratinocyte necroptosis”*. FADD™*° Zbp1~'~ mice 
developed skin inflammation similarly to FADD®*° mice, showing that 
ZBP1 deficiency did not inhibit RIPK3-dependent skin inflammation 
in this model (Extended Data Fig. 2). Thus, ZBP1 induces keratinocyte 
necroptosis in the absence of RIPK1 but it is not required for keratinocyte 
necroptosis and skin inflammation caused by epidermal FADD 
deficiency. 

We reasoned that RIPK1 might prevent ZBP1-mediated RIPK3 
activation by interacting with these two proteins through its RHIM 
domain. To specifically address the role of the RHIM domain of RIPK1 
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anti-CC3, n= 4 for TUNEL and n = 3 for anti-F4/80; RipkI~/~ n=3 

for H&E, TUNEL, anti-F4/80 and anti-CC3). Scale bars, 50 um. 

c, Microscopic quantification of CC3* and TUNEL? cells on skin sections 
from E18.5 pups with the indicated genotypes. *P < 0.05; **P < 0.01; 
*** P< 0.005. d, Immunoblot analysis of total skin lysates from E18.5 
pups of the indicated genotypes. Lanes represent samples from individual 
embryos. For gel source data, see Supplementary Fig. 1. 


in vivo, we generated knock-in mice expressing a mutated RIPK1 pro- 
tein in which the QIG conserved amino acids of the RHIM domain at 
position 529-531 were substituted with alanines (RIPK1(QIG529— 
531AAA), hereafter referred to as RIPK1™®#™) using CRISPR/Cas9- 
mediated gene targeting in mouse zygotes (Extended Data Fig. 3a). 
Genotyping of progeny obtained from intercrossing heterozygous 
Ripk1™*™WT mice from two independently generated knock-in lines 
failed to identify any homozygous Ripk 1/"8!4!M/mRHIM mice at wean- 
ing age (Fig. 2a). Examination of pups obtained from timed matings 
revealed that Ripk1®4IM/mRHIM m ice were alive at E18.5 but died peri- 
natally, similarly to Ripk1~/~ mice!*"!””. Histological analysis of E18.5 
pups revealed epidermal hyperplasia, massive infiltration of F4/80* 
myeloid cells and increased number of TUNEL* and a few cleaved 
caspase-3 positive (CC3*) cells in the dermis of Ripk1"8#/M/mRHIM 
and Ripk1~'~ pups (Fig. 2b, c). Analysis of intestinal tissues revealed 
scarce presence of CC3* apoptotic cells in Ripk1™®#!M/"8#M pups com- 
pared to the increased number of CC3* cells found in the intestine 
of Ripk1~'~ mice (Extended Data Fig. 3b, c). Earlier studies showed 
that the epidermal hyperplasia observed in Ripk1~'~ pups depends 
on RIPK3—MLKL-mediated necroptosis?’, whereas the intestinal 
epithelial cell apoptosis is driven by FADD/caspase-8-dependent 
apoptosis!*51718. Inhibition of both necroptosis and apoptosis was 
required to overcome the perinatal lethality of Ripk1~/~ mice!?"!”. 
However, RIPK3 deficiency was sufficient to prevent perinatal lethal- 
ity of Ripk1™8#IM/mRHIM mice, as Ripk |" RHIM/mRHIM Ripk3~/— animals 
reached adulthood without showing any signs of pathology, at least 
up to the age of 6 months (Extended Data Table 1, Extended Data 
Fig. 4a, b). Interestingly, Ripk1™®M/™RHM Rink3"~ mice survived 
to adulthood, suggesting that reduction of RIPK3 protein levels by 
about 50% was sufficient to prevent necroptosis and perinatal lethality 
in these animals (Extended Data Table 1). In addition, crossing with 
MLKL-deficient mice (Extended Data Fig. 3d) also rescued peri- 
natal death of Ripk1'8#/M/mRHIM animals, with Ripk 1™IM/mRHIM 
MIkI-'~ mice surviving at least up to 4 months without signs of dis- 
ease (Extended Data Table 1, Extended Data Fig. 4a). Furthermore, 
ZBP1 expression was upregulated in the skin of Ripk1™®#!M/"82M pups 
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Figure 3 | Mutation of the RIPK1 RHIM domain prevents TNF-induced 
association of RIPK1 with RIPK3 and necroptosis. a, Immunoblot 
analysis with the indicated antibodies of RIPK1 immunoprecipitates and 
total lysates from primary wild-type and Ripk1'™®/M/"RHIM MEFs treated 
with TNF (20 ng ml’), cycloheximide (1 1g ml~!) and Z-VAD-FMK 
(201M) for the indicated periods of time. Representative data shown from 
two independent experiments. For gel source data, see Supplementary 
Fig. 1. b, c, Primary MEFs (b) or FLMs (c) from mice with the indicated 
genotypes were treated with combinations of TNF (20 ng ml“), 
cycloheximide (1 jug ml~'), Z-VAD-FMK (20M) and Nec-1 (30}1M) 

for 18h. Cell viability was determined by neutral red assay. Graphs 

show mean + s.e.m. from pooled data from 5 (b) and 3 (c) independent 
experiments. *P < 0.05; **P<0.01; ***P< 0.005. d, Immunoblot analysis 
of primary MEFs or FLMs from wild-type or Ripk 1'"®#//™RHIM mice with 
the indicated antibodies. Lanes represent primary cells from individual 
mice. For gel source data, see Supplementary Fig. 1. e, f, Primary MEFs (e) 
or FLMs (f) from wild-type or Ripk1'®#!M/mRHIM yy ice were stimulated 
with TNF (20 ng ml~!) for the indicated periods of time and NF-«B 
activation was assessed by immunoblotting with the indicated antibodies. 
Representative data shown from three independent experiments. For gel 
source data, see Supplementary Fig. 1. 
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(Fig. 2d) and ZBP1 deficiency also prevented perinatal lethality of these 
mice, with Ripk1™®4/M/mRHIM 75 1~!~ mice surviving at least up to the 
age of 5 months without showing apparent abnormalities (Extended 
Data Table 1, Extended Data Fig. 4a, b). TRIF knockout did not res- 
cue the Ripk1 mRHIM/mRHIM tice (Extended Data Table 1). Therefore, in 
contrast to RIPK1 deficiency that causes perinatal lethality owing 
to both caspase-8-mediated apoptosis and RIPK3-MLKL-mediated 
necroptosis'*-!’, mutation of RIPK1 RHIM caused perinatal death 
exclusively owing to ZBP1-RIPK3-MLKL-dependent necroptosis. 
To confirm that the RIPK1(QIG—-AAA) mutation disrupted the 
interaction of RIPK1 with RIPK3, we stimulated primary MEFs from 
Ripk14IM/mRHIM tice with TNF in the presence of cycloheximide 
and Z-VAD-FMK (TCZ treatment) for different periods of time to 
induce formation of the necrosome. Immunoblot analysis of RIPK1 
immunoprecipitates revealed that RIPK3 strongly interacted with 
RIPK1 in TCZ-treated wild-type, but not in Ripk1 mRHIM/mRHIM: pri- 
mary MEFs (Fig. 3a). Consistently, primary Ripk 1/"®4//mRHIM MEFs 
showed reduced cell death in response to TCZ treatment and fetal liver 
macrophages (FLMs) from Ripk1’"8#/M/7RHIM nuns were resistant to 
necroptosis induced by stimulation with TNF and Z-VAD-FMK (TZ 
treatment) (Fig. 3b, c). Notably, we routinely obtained reduced numbers 
of FLMs from Ripk1'"®#/M@/™RHM compared to wild-type embryos, and 
the expression levels of ZBP1 were reduced in the Ripk1™#/M/mRHIM 
cells (Fig. 3d), suggesting that Ripk1’"®!/™84'M FT Ms expressing high 
levels of ZBP1 may be counter-selected in these cultures. Therefore, 
disruption of the RHIM-dependent interaction of RIPK1 with RIPK3 
protected primary FLMs and MEFs from TNF-induced necroptosis. 
TNF-induced NF-kB activation was not impaired in Ripk1™®//M/mRHIM 
MEFs or FLMs (Fig. 3e, f), showing that RHIM-dependent RIPK1 
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interactions are not required for TNFR1-induced proinflammatory 
signalling. 

To address whether RIPK1 prevents keratinocyte necroptosis and skin 
inflammation ina RHIM-dependent manner, we crossed Ripk1 mRHIM/WT 
with RipkU”“? K14-cre'8“™ mice to generate Ripk 141M! 
K14-cre's“" mice (hereafter referred to as RIPK1™RHIM/E-KO) 
which express exclusively the mutant RIPK1™®"™ in keratinocytes. In 
contrast to Ripk1™®!M/WT mice that did not show pathology in their 
skin or other organs (data not shown), RIPK1™RHIME-KO mice devel- 
oped macroscopically visible signs of skin lesions starting at about 3-4 
weeks after birth, which progressively developed to inflammatory skin 
disease by the age of 9-11 weeks (Fig. 4a—c, Extended Data Fig. 5a-d). 
Histological analysis showed that the skin lesions in RIPK1™S4!M/E-KO 
mice resembled those seen in RIPK1®*° mice, characterized by 
epidermal hyperplasia and impaired differentiation, increased num- 
bers of dying keratinocytes as well as increased F4/80+ myeloid cell 
infiltration and upregulation of inflammatory cytokine and chemokine 
expression (Fig. 4a—c, Extended Data Fig. 5c-d). As in RIPK1=*° mice, 
homozygous, but not heterozygous, MLKL deficiency prevented skin 
lesion development in RIPK1™®4#!/EK0 mice at least up to the age of 
22 weeks, showing that the inflammatory skin disease is triggered by 
MLKL-mediated keratinocyte necroptosis (Fig. 4a—c, Extended Data 
Fig. 5a—d). RIPK1™RHIM/E-KO mice showed increased expression of 
ZBP1 in the skin, similarly to RIPK1E*®° mice (Fig. 4d, e). ZBP1 was 
not expressed in primary keratinocytes from wild-type, RIPK1"*° 
or RIPKI™IM/E-KO mice (Extended Data Fig. 6a), suggesting that its 
upregulation in the epidermis could be triggered by signals related to 
the in vivo tissue context. Indeed, the increased expression of Ifnb1 in 
the skin of RIPK1™®4!M/E-KO mice could be responsible for the upreg- 
ulation of ZBP1 expression (Fig. 4e), as stimulation with IFNB induced 
robust ZBP1 expression in cultured primary keratinocytes from wild- 
type, RIPK1©*° and RIPK1™®4!M/E-KO mice (Extended Data Fig. 6b). 
In line with our findings in RIPK1"*° animals, ZBP1 deficiency pre- 
vented the development of skin lesions in RIPK1™4/E-KO mice at 
least up to the age of 21 weeks (Fig. 4a—c, Extended Data Fig. 5a, c, d). 
These results showed that RHIM-dependent RIPK1 function in 
epidermal keratinocytes is critical to prevent ZBP1-mediated activation 
of RIPK3-MLKL-driven necroptosis and skin inflammation. 

We postulated that RIPK1 may bind ZBP1 and prevent its interac- 
tion with RIPK3. As ZBP1 is not expressed in MEFs, we transduced 
primary wild-type or Ripk1™®'!/"8HIM MEFs with a lentiviral vector 
expressing Flag-tagged murine ZBP1. Immunoblotting of anti-Flag 
immunoprecipitates with anti-RIPK3 antibodies showed that ZBP1 
interacted weakly with RIPK3 in wild-type MEFs, but this interaction 
was strongly enhanced in Ripk1'"®#!//"8HIM MEFs (Fig, 4f). A slower 
migrating RIPK3 species was detected in the anti-Flag immunoprecip- 
itate suggesting that ZBP1 could preferentially associate with phospho- 
rylated RIPK3. Indeed, immunoblotting with monoclonal antibodies 
specifically recognizing RIPK3 phosphorylated at serine 232 (ref. 28) 
revealed that the slower migrating band corresponded to phospho- 
rylated RIPK3 (Fig. 4f). Caspase-8 or MLKL were not detected in the 
anti-Flag immunoprecipitate, suggesting that these proteins do not 
interact with ZBP1 under these conditions (Fig. 4f). Immunoblotting 
with anti-RIPK1 antibodies failed to detect RIPK1 in the anti-Flag 
immunoprecipitate (Fig. 4f). Moreover, reciprocal immunoprecipita- 
tion using anti-RIPK1 antibodies and immunoblotting with anti-Flag 
or anti-ZBP1 antibodies also failed to detect an interaction between 
RIPK1 and ZBP1 (Fig. 4g). Therefore, in contrast to RIPK3, RIPK1 did 
not interact with ZBP1 in primary MEFs. It is not clear why our results 
differ from previous studies showing that ZBP1 interacted with RIPK1 
in 293T cells!*°, but this could be related to the absence of RIPK3 
expression in 293T cells”. 

Taken together, our results showed that, in the absence of the RIPK1 
RHIM domain, ZBP1 strongly interacted with RIPK3 and induced its 
autophosphorylation, which triggered downstream activation of MLKL 
and necroptosis. The inhibitory role of the RIPK1 RHIM domain is 
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mediated necroptosis and skin inflammation. a, Skin sections from 
9-11-week-old mice were stained with H&E or immunostained with the 
indicated antibodies. Representative images shown (RIPK1™RHIM/E-KO 
n=9 for H&E and n= 3 for immunostainings; RIPK1™RHIMIE-KO yy]K[-!— 
n=5 for H&E and n=3 for immunostainings; RIPKT™3HIM/EKO Z bp 1 ~/— 
n= 4 for H&E and n= 3 for immunostainings). Scale bars, 50 jum. 

b, c, Microscopic quantification of epidermal thickness and inflamed 
skin area (b) and qRT-PCR analysis of the mRNA expression of the 
indicated cytokines and chemokines (c) in 9-11-week-old mice with 

the indicated genotypes. *P < 0.05; **P < 0.01; ***P < 0.005. 


particularly important for the maintenance of skin homeostasis 
during late embryonic life and in adult mice. As the lack of RIPK1, or 
mutation of its RHIM, specifically in the epidermis triggers keratino- 
cytes necroptosis and inflammation starting a few weeks after birth, 
whereas ubiquitous RIPK1 deficiency or RHIM mutation triggers 
necroptosis of dermal cells and results in perinatal death, it is likely 
that the skin hyperplasia during late embryonic life and the associated 
perinatal lethality are caused by necroptosis of non-epithelial, per- 
haps stromal or myeloid, cells. Although the precise mechanism of the 
RIPK1 RHIM-dependent inhibition of ZBP1-mediated RIPK3 activa- 
tion remains unknown at present, it is possible that RIPK1 associates 
with RIPK3 to prevent its interaction with ZBP1. At this stage, it is 
also unclear whether the nucleic acid sensing properties of ZBP1 are 
involved in activating RIPK3-dependent necroptosis in the absence 
of the RIPK1 RHIM domain. Taken together, our results revealed an 
important role of the RIPK1 RHIM domain in counteracting ZBP1- 
mediated activation of RIPK3-MLKL-dependent necroptosis, which 
is critical for preventing lethality during late embryogenesis and skin 
inflammation in adult mice. These findings identify ZBP1 as a potent 
inducer of inflammation beyond its role in anti-viral defence**”? and 
suggest that it could be implicated in inflammatory diseases. Future 
studies will be required to elucidate the mechanism of ZBP1 activation 
and how RIPK1 inhibits it, but also its potential implication in the 
pathogenesis of human diseases. 


Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper. 
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lysates (d) and qRT-PCR analysis of Zbp1 and Ifnb1 mRNA levels 

in total skin (e) from 4-week-old mice of the indicated genotypes. 
Lanes represent samples from individual mice. For gel source data, see 
Supplementary Fig. 1. f, g, Immunoblot analysis with the indicated 
antibodies of anti-Flag (f) or anti-RIPK1 (g) immunoprecipitates and 
total lysates from primary wild-type and Ripk1™8#M/mRHIM (mR) MEFs 
transduced with lentiviruses expressing Flag or Flag-tagged ZBP1. 
Representative data shown from two independent experiments. For gel 
source data, see Supplementary Fig. 1. 
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METHODS 

Mice. Ripk i! (ref. 14) and Fadd™! (ref. 26), K14-cre*®, Ripk3~'~ (ref. 31), and 
Zbp1—'~ (ref. 25) mice were described previously. Mice were maintained at the 
SPF animal facilities of the Institute for Genetics and the CECAD Research Center 
of the University of Cologne, under a 12h light cycle, and given a regular chow 
diet (Harlan, diet number 2918 or Prolab Isopro RMH3000 5P76) ad libitum. All 
animal procedures were conducted in accordance with European, national and 
institutional guidelines and protocols were approved by local government author- 
ities (Landesamt fiir Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, 
Germany). Animals requiring medical attention were provided with appropriate 
care and were killed when they developed macroscopically visible skin lesions 
to minimize suffering. No other exclusion criteria existed. Mice of the indicated 
genotype were assigned at random to groups. Mouse studies as well as immu- 
nohistochemical assessment of pathology were performed in a blinded fashion. 
Generation of Ripk1"®"™ and MIkI~'~ mice using Crispr/Cas9-mediated gene 
targeting in mouse zygotes. For the generation of Ripk1*™ mice Cas9 mRNA 
(TriLink) together with the 129 bp ssDNA repair oligonucleotides (IDT) and 
the short guide RNA (sgRNA) targeting the RHIM domain of the murine Ripk1 
gene were microinjected into the pronucleus of fertilized oocytes obtained from 
C57BL/6 mice. For the generation of the MIkI~’~ allele Cas) mRNA together with 
the sgRNA targeting the M/kl gene were microinjected into the pronucleus of ferti- 
lized oocytes obtained from C57BL/6 mice. On the next day, the injected embryos 
were transferred to foster mothers and allowed to develop to term. Mutations in 
the genome of progeny were determined by analysis of genomic DNA using the 
T7 endonuclease I assay (NEB) and sequencing. For the analysis of the M/kl locus 
an additional Apall digest was performed. The sequence of the ssDNA oligo used 
as a repair template for the RipK1 RHIM domain is: 5’‘-TATCTCTTTTTCTAT 
TCAGATGACCTCATAAAATATACTATATTCAATAGTTCTGGTATTGCAG 
CAGCTAACCACAATTATATGGATGTTGGACTGAATTCACAACCACCAA 
ACAATACTTGCAAAGAA-3’. sgRNA was generated by in vitro transcription 
(NEB, E2040S) from the px330 vector (42230, Addgene) containing the Ripk1 
targeting sequence: 5/-aatagttctggtattcagat-3’ or the MIKI targeting sequence: 
5'-CGTCTAGGAAACCGTGTGCA-3’. An Miklallele shown to have a 2 bp deletion 
that causes a frameshift and a premature stop was propagated as the MIkI knockout 
allele used for this study. 

Histological analysis of tissue sections. Skin and intestine tissues were embedded 
in paraffin or snap frozen in OCT compound. Antigen retrieval for paraffin sec- 
tions was performed in citrate buffer, pH 6 for the skin sections from RIPK1#-° 
and RIPK]™#IME-KO mice and in Tris-EDTA buffer, pH 9 or Proteinase K for 
the skin and intestine sections from Ripk1’"®"™ and Ripk1~/~ mice. Anti-active 
caspase 3 (9661, Cell signalling), anti-F4/80 (clone A3-1, homemade or MCA497G, 
BIO-RAD), anti-keratin 14 (MS-115, Neomarkers), anti-keratin 6 (PRB-169P, 
Covance), anti-keratin 10 (PRB-159P, Covance) were used for the staining. 
Staining was visualized with ABC Kit Vectastain Elite (Vector Laboratories) or 
streptavidin-HRP (Millipore) and DAB substrate (DAKO and Vector Laboratories) 
or Alexa-488 and Alexa-549 fluorescence conjugated secondary antibody. F4/80 
staining was done on cryo sections. All sections were counterstained with hae- 
matoxylin or stained with DAPI. TUNEL assay was performed using DeadEnd 
Fluorometric TUNEL System (G3250, Promega) as per the manufacturer’s instruc- 
tions. Quantification of epidermal thickness was performed by measurement of 
epidermal thickness in five optical fields per section. In each field, four meas- 
urements were performed. Percentage of inflamed area was determined as the 
percentage of inflamed versus total number of optical fields at 20x on individual 
skin sections. TUNEL and CC3 positive cells were quantified under 3-4 optical 
fields and normalized over the visual area counted. 

Immunoblotting and immunoprecipitation. Antibodies against the following 
proteins were used for western blot analysis: RIPK3 (ADI-905-242-100, Enzo 
or 95702, Cell signaling), RIPK1 (610459, BD or 3493, Cell signaling), Tubulin 
(T6074, Sigma), p-IkBa (9246, Cell signaling), IkBa (sc-371, Santacruz), p-p65 
(3033, Cell signaling), Flag (F7425, Sigma), ZBP1 (AG-20B-0010, Adipogen or 
custom-made, Eurogentec), p-RIPK3 (ab195117, Abcam), Caspase 8 (4790, Cell 
signaling), MLKL (MABC604, Millipore), GAPDH (NB300-221, Novus). The 
signals were detected by SuperSignal West Pico Chemiluminescent substrate 
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(34080, Thermo). The membranes were reprobed after incubation in Restore 
Western Blot stripping buffer (21059, Thermo). 

In order to co-immunoprecipitate ZBP1 interacting proteins, ZBP1 cDNA was 
generated from IFN (97265, Biomol) stimulated wild-type primary MEFs using 
Superscript III first-strand kit (18080-051, Invitrogen) and the sequence confirmed 
DNA was cloned into lentiviral pBOB-Flag vector (provided by J. Han, Xiamen 
University). Primary wild-type and Ripk1™®4!M/mRHIM MEFs were transduced with 
recombinant lentiviruses. Four days after infection, the cell lysates were prepared 
in immunoprecipitation buffer (20 mM HEPES-KOH (pH 7.6), 150mM NaCl, 
2mM EDTA, 1% Triton X-100, 10% Glycerol). Flag tag immunoprecipitation was 
performed by anti- DYKDDDDK antibody magnetic beads (017-25151, Wako) 
and RIPK1 was precipitated by antibody against RIPK1 (610459, BD) which was 
BS3-crosslinked to Dynabeads (10004D, Life Technologies). 

Cell death assay. Primary MEFs and fetal-liver-derived macrophages were seeded 
in 96 well plates (1 x 10* cells per well for MEF and 2 x 104 cells per well for 
FLM) one day before TNF treatment. On the experiment day, indicated amounts 
of recombinant murine TNF (VIB Protein Service Facility, Ghent), cycloheximide 
(A0879, Applichem), Z-VAD-FMK (N-1560, Bachem) and Nec-1 (BML-AP309, 
Enzo) were added to cells. Eighteen hours after incubation, cell viability was deter- 
mined by neutral red assay as described*”. 

Keratinocytes isolation, culture and stimulation. Keratinocytes from newborn 
pups were isolated using dispase II (D4693, Sigma). The skin was incubated in dispase 
II overnight at 4°C. After incubation, epidermis was separated and incubated with 
TrypLE (12605-010, Gibco) for 20 min and flushed with medium, centrifuged and 
cultured in low Ca*+ DMEM/Ham’s F12 medium (F 9092-0.46, Biochrom) with 
10% chelax treated FCS and supplements. For immunoblot analyses, 4 x 10° cells 
were seeded in collagen coated 6 well plates and three hours before stimulation the 
medium was replaced by fresh medium without EGF. Keratinocytes were stimu- 
lated by 20ng ml“! TNF or 1,000 U ml! IFNS for eighteen hours. 

Quantitative RT-PCR. Total RNA from skin tissue was extracted with Trizol 
Reagent (Life Technologies) and RNeasy Columns (Qiagen) and cDNA was 
prepared with Superscript HI cDNA-synthesis Kit (Life Technologies). qRT- 
PCR of I/1b, 116, 1133, Taf, Cxcl3, Ccl3, Ccl5 and Ccl4 genes was performed with 
TaqMan probes (Life Technologies). The expression of Zbp1, Ifnb1 and Ppia in 
Fig. 4e were analysed using SYBR Green master mix (4367659, Thermo) with 
the following primer sets: Zbp1 forward: 5'-GCTATGACGGACAGACGTGG-3’, 
Zbp1 reverse: 5'-TGTTGACCGGATTGTGCTGA-3’, [fnb1 forward: 5'-AGCT 
CCAAGAAAGGACGAACA-3’, Ifnb1 reverse: 5'-GCCCTGTAGGTGA 
GGTTGATCT-3’, Ppia forward: 5'-ATGGTCAACCCCACCGTGT-3'’, Ppia reverse: 
5'-TTTCTGCTGTCTTTGGAACTTTGTC-3'. HPRT and Tbp for TaqMan and 
PPla for SYBR Green were used as reference genes. Data were analysed according 
to the AC, method. 

Statistical analysis. Data shown in column graphs represent mean + s.e.m. To 
determine group size necessary for adequate statistical power, power analysis was 
performed using preliminary data sets. For statistical analysis of data from qRT- 
PCR, quantification of epidermal thickness and inflamed area, when data did not 
fulfil the criteria for Gaussian distribution, nonparametric Mann-Whitney test 
was performed. Unpaired Student's t-test was performed for the quantification 
of TUNEL and CC3 staining. Paired Student's t-test was performed for statistical 
analysis of results obtained from cell viability assays. *P < 0.05; **P < 0.01; 
*#* P< 0.005. Statistical analysis was performed using Graphpad Prism and 
Microsoft Excel. 

Data availability statement. The authors declare that the data supporting the 
findings of this study are available within the paper. Source data for all figures are 
provided with the paper. The Ripk1'"*®#™ mice are available from the correspond- 
ing author upon request. 
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Extended Data Figure 1 | ZBP1 deficiency strongly delays and 
ameliorates skin inflammation in RIPK1=*° mice. a, Photographs of 
mice with the indicated genotypes at the age of 4 weeks. Images shown are 
representative of n > 60 RIPK1£*° and n> 40 RIPK12*° Zbp1 ~!— mice. 
b, Photographs of mice with the indicated genotypes and age. Images 
shown are representative of n > 4 RIPK1=*° mice at the age of 5-7 weeks 
and n> 20 RIPI®*° Zbp1-'~ mice at the age of 17-35 weeks. c, Table 
summarizing the macroscopically observed skin lesions and time of 
sacrifice of 21 aged RIPK1**° Zbp1~'~ mice. d, Representative images 

of skin sections from RIPK1**° Zbp1~'~ mice and their respective 
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controls stained with H&E (n > 18) or immunostained with the indicated 
antibodies (n > 4) at the age of 17-35 weeks. Nuclei stained with DAPI. 
Scale bars, 501m. e, Representative images of skin sections from 4-5 week 
old RIPK1®*° (n> 6) and RIPK12-*° Zbp1-/~ (n> 3) and their respective 
control mice stained with TUNEL or immunostained with anti-CC3 
antibodies. Nuclei stained with DAPI. Scale bars, 501m. f, Microscopic 
quantification of CC3 and TUNEL positive cells on skin sections from 
4-5 week old mice with the indicated genotypes. Epi, epidermis; der, 
dermis. *P < 0.05; **P< 0.01; ***P < 0.005. 
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Extended Data Figure 2 | ZBP1 is not required for keratinocyte 
necroptosis and skin inflammation in mice with epidermis-specific 
FADD deficiency. a, Representative photographs depicting the 
macroscopically observed phenotype of FADD? *° (n> 10) and FADD? *° 
Zbp1-'~ (n=5) mice at the age of 6 days. b, Representative images of skin 
sections from 6 day old mice with the indicated genotypes stained with 
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H&E (n =6) or immunostained with the indicated antibodies (n = 3). 
Nuclei stained with DAPI. Scale bars, 50|1m. c, qRT-PCR analysis of the 
mRNA expression of the indicated cytokines and chemokines in total skin 
RNA from 6-day-old mice with the indicated genotypes. *P < 0.05; 

**P< 0.01; ***P < 0.005. 
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Extended Data Figure 3 | CRISPR-Cas9-mediated generation of 
Ripk1™®#™ and MIkI—'~ mice. a, Schematic depiction of the generation 
of Ripk 1™8#IM/mRHIM mice indicating the sequence of the sgRNA and the 
single stranded oligonucleotide used for mutating the RHIM domain 
that were introduced by pronuclear injection into mouse zygotes and 
the sequencing result of one of the two obtained founders. b, Small 
intestinal sections from E18.5 pups were stained with H&E or TUNEL or 
immunostained with anti-CC3 antibodies. Representative images shown 
(wild type n=6 for H&E, n=3 for TUNEL and anti-CC3; Ripk 1" M/mRHIM 
n=5 for H&E, n=3 for TUNEL and anti-CC3; Ripk1~/~ n=3 for 


CGTCTAGGAAACC==GTGCACGGCCTGCTACA 


H&E, TUNEL and anti-CC3). Nuclei stained with DAPI. Scale bars, 
50pm. c, Microscopic quantification of CC3*+ and TUNEL cells on 

gut sections from E18.5 pups with the indicated genotypes. *P < 0.05; 

**P < 0.01; ***P < 0.005. d, Diagram indicating the sgRNA target 
sequence (capital letters) used to generate a mutation in exon 2 
downstream of the ATG of the MIKI gene. The PAM sequence is indicated 
in red. Sequencing showing the 2 base pair deletion found in 97 at position 
chr8:111,333,648-111,333,649 (mm10), which results in a frameshift after 
amino acid 34 and a premature stop codon at amino acid position 55 of 
MLKL. This M/k/ knockout allele was used throughout this study. 
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Extended Data Figure 4 | Rescue of perinatal lethality of Ripk1™®'™™™“/""4™ mice by deficiency of ZBP1, MLKL or RIPK3. a, Representative 


photographs and body weights of the indicated mice. b, Representative H&E stainings of skin, liver, spleen, colon and small intestine sections from 
5-month-old Ripk3""’~(n = 4), Ripk1™®M/mRHIM Ripnk3-'~ (n= 4) and Ripk1™®IM/mRHIM7 by 1-'— mice (n= 3). 
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Extended Data Figure 5 | MLKL or ZBP1-deficiency prevents skin 
inflammation in RIPK1™®/E-KO mice. a, Representative photographs 
of RIPK1™RHIMI/E-KO (n = 9), RIPK1] ™RHIM/E-KO MIkIW™ (n = 11), 
RIPK1@RYIME-KO MikI-'~ (n= 16) and RIPKIPRHIME-KO 7 bp 1-'~ (n=7) 
at the age of 9-11 weeks. b, Representative images of skin sections from 
9-11-week-old RIPK1™®4#MW/E-KO yi]ki“7— (n= 11) and the respective 
control mice stained with H&E or immunostained with the indicated 
antibodies. Nuclei stained with DAPI. Scale bars, 50j1m. c, Representative 
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images of skin sections from 9-11-week-old RIPK1 ™RHIMIE-KO (4 > 6), 
RIPK1] ™RHIM/E-KO MIkl / (n = 3), RIPK] ™RHIM/E-KO Zbp1 / (n _ 3) and 
their respective control mice stained with TUNEL or immunostained 
with anti-CC3 antibodies. Nuclei stained with DAPI. Scale bars, 501m. 
d, Microscopic quantification of CC3t and TUNEL* positive cells on 
skin sections from 9-11 week old mice with the indicated genotypes. Epi, 
epidermis; der, dermis. *P < 0.05; **P < 0.01; ***P < 0.005. 
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Extended Data Figure 6 | Expression of ZBP1 in primary keratinocytes. _ control. For gel source data, see Supplementary Fig. 1. b, Immunoblot 

a, Immunoblot analysis of lysates of primary keratinocytes derived from analysis of primary keratinocytes derived from mice with the indicated 

mice with the indicated genotypes. Each lane represents keratinocytes genotypes were left untreated (‘medium’) or stimulated with TNF or IFN-6 


from individual mice. Cell lysates of wild-type FLM was used as a positive for 18h. For gel source data, see Supplementary Fig. 1. 
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Extended Data Table 1 | Numbers of progeny obtained at weaning age from rescue crosses of Ripk1™"4/T mice with Ripk3~/-, MIkI-/-, 


Zbp1~/~ and Trif-/- mice 


Genotype of offspring Ripk3"- Ripk3W™- 
Genotype of parents RipkIXT®T — RipkIPRHIMWT Ripe] MRHIMmRHIM | Rink JWT Ripk1™RHIMWT Ripk[™RHIM/mRHIM 
7 Ripk]PRUIMWT Ripk3™"- 
Line 1 Ripk I™RHIMIWT Rink 3WU- 6 12 9 12 27 13 
‘ Ripk [™RUIMWT Ripk3¥™- 
Line 2 Ripk PRUIMWT Rink3-" 16 32 10 18 33 5 
Genotype of offspring MIkI- MIKINT- 
Genotype of parents RipkIW™WT Ripk]™RHIWWwT Ripk [™RHIM/mRHIM Ripkl WT/WT Ripk]™RHIMWT RipkI™R# IM/mRHIM 
Ripk1™®! 1IM/WT MIkIN 
Ripk[™RHIMWT YK 17 41 13 10 32 0 
Line 2 Ripk [™RUIMWT MIkk- 
9 
Ripk]PRHIMWT MIkt- 16 25 20 
Genotype of offspring Zbp1l* Zbp1W1- 
Genotype of parents RipkINT®T — RipkIPRHIMWT Rink JMRHIM/MRHIM | Rink |WWT Ripk [™HIMIWT Ripk [™RHIMimRHIM 
Ripk]PRHIMWT Zbp1 WT/- 
Ripk{™RHIMWT Zp [WT 4 8 5 10 14 0 
Line 2 
Ri Ae J MRAIM/WT Zb [WT/- 
FL BOs ch 10 19 7 4 2 0 
ipk1l™ Zbp1" 
Genotype of offspring Trif /- Tif WV 
Genotype of parents RipkIST®T — Ripk]™RHIMWT Rink ]mRHIM/mRHIM | Rik ]WTWT Ripk[™RHIW/WT Ripk]™RHIM/mRHIM 
Ripk]PRUMWT Trif WV 
ak Ripk[=®4IMWT Tpif WU- 7 12 0 14 27 0 
ine 
i mRHIM/WT 73.7; WT/- 
ae , 11 24 0 16 12 0 


Ripk[>RIMIWT Trif 
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RIPK1 inhibits ZBP1-driven necroptosis during 


development 


Kim Newton!, Katherine E. Wickliffe!, Allie Maltzman!, Debra L. Dugger', Andreas Strasser?’, Victoria C. Pham‘, Jennie R. Lill‘, 
Merone Roose-Girma®, Soren Warming?, Margaret Solon®, Hai Ngu®, Joshua D. Webster® & Vishva M. Dixit! 


Receptor-interacting protein kinase 1 (RIPK1) promotes cell 
survival—mice lacking RIPK1 die perinatally, exhibiting aberrant 
caspase-8-dependent apoptosis and mixed lineage kinase-like 
(MLKL)-dependent necroptosis!->. However, mice expressing 
catalytically inactive RIPK1 are viable”*®°, and an ill-defined 
pro-survival function for the RIPK1 scaffold has therefore been 
proposed. Here we show that the RIP homotypic interaction 
motif (RHIM) in RIPK1 prevents the RHIM-containing adaptor 
protein ZBP1 (Z-DNA binding protein 1; also known as DAI or 
DLM1) from activating RIPK3 upstream of MLKL. Ripk1®#!“/24IM 
mice that expressed mutant RIPK1 with critical RHIM residues 
IQIG mutated to AAAA died around birth and exhibited RIPK3 
autophosphorylation on Thr231 and Ser232, which is a hallmark 
of necroptosis®, in the skin and thymus. Blocking necroptosis 
with catalytically inactive RIPK3(D161N), RHIM mutant RIPK3, 
RIPK3 deficiency, or MLKL deficiency prevented lethality in 
Ripk12#M/RHIM mice. Loss of ZBP1, which engages RIPK3 in 
response to certain viruses””* but previously had no defined role in 
development, also prevented perinatal lethality in Ripk1®#!/2#M 
mice. Consistent with the RHIM of RIPK1 functioning as a brake 
that prevents ZBP1 from engaging the RIPK3 RHIM, ZBP1 
interacted with RIPK3 in Ripk1®#!/24IMikI—'— macrophages, 
but not in wild-type, MIKI~'~ or Ripk1®#!M/2HIM R jp k3RHIM/RHIM 
macrophages. Collectively, these findings indicate that the RHIM 
of RIPK1 is critical for preventing ZBP1/RIPK3/MLKL-dependent 
necroptosis during development. 

Studies of RIPK1 deficiency show that RIPK1 suppresses RIPK3/ 
MLKL-dependent necroptosis in some cell types, and FADD (FAS- 
associated via death domain)/caspase-8-dependent apoptosis in 
others!~*°-!?. However, mutation of critical catalytic residues in 
RIPK1 or inhibition of RIPK1 enzymatic activity does not promote 
cell death?*>!!)!2. Therefore, RIPK1 is hypothesized to form a pro- 
survival scaffold that is independent of its kinase activity. In addition 
to its kinase domain, RIPK1 has RHIM and death domain (DD) protein 
interaction motifs! (Fig. 1a). The DD mediates recruitment of RIPK1 
to proteins such as tumour necrosis factor receptor 1 (TNFR1) and 
FADD, whereas the RHIM mediates interactions with RIPK3 (ref. 13). 
To determine if the RHIM of RIPK1 is an essential part of the RIPK1 
pro-survival function, we generated Ripk1 RHIM/RHIM yy ice, in which 
RHIM core residues IQIG!* are mutated to AAAA (Fig. 1a). 

Ripk 1R4#IM/RHIM mice died around birth (Fig. 1b). Abnormalities 
at embryonic day 18.5 (E18.5) included epidermal hyperplasia, 
dermatitis and oedema of the skin, increased number of neutrophils 
in the peritoneum, and decreased hepatocellular vacuolation (Fig. Ic, 
Extended Data Fig. 1a). Similar skin abnormalities in Ripk1~/~ 
embryos require RIPK3- and MLKL-dependent necroptosis’. Of note, 
Ripk 1841M/RHIM embryos lacked the caspase-8-dependent intestinal 
lesions seen in Ripk1~/~ embryos! (Extended Data Fig. la). These data 


suggest that mutation of the RIPK1 RHIM primarily unleashes the 
RIPK3-MLKL necroptosis pathway (Extended Data Fig. 1b). 

RIPK3 autophosphorylation on Thr231 and Ser232 is a hallmark 
of necroptosis®. A phospho-specific RIPK3 antibody recognizing 
these sites (Extended Data Fig. 1c, d) stained many cells in the skin 
and thymus of Ripk1®!!”/84M embryos, but only rare cells throughout 
multiple tissues including the bladder, liver, heart and intestine were 
positive (Fig. 1c, Extended Data Fig. le). Importantly, phospho-RIPK3 
staining was absent in wild-type embryos. RIPK3 autophosphorylation 
in Ripk1®#!/R4IM skin coincided with increased cell death on the 
basis of TUNEL staining, which marks dying cells with DNA damage, 
and cleaved caspase-3 staining, which marks apoptotic cells (Extended 
Data Fig. 2a, b). Increased cell death was less pronounced in the 
Ripk1R4M/RHIM thymus (Extended Data Fig. 2b). 

Perinatal lethality and the histologic lesions in Ripk 12#//2HM mice 
were prevented by either RIPK3 or MLKL deficiency, suggesting these 
defects stemmed from aberrant necroptosis (Fig. 1c-f, Extended Data 
Figs la, 2). Although RIPK3 has been linked to apoptosis induction 
in some contexts!*, MLKL has not. Therefore, increased apoptosis in 
the Ripk®#/M/RHIM dermis may have been a secondary consequence 
and inflammation driven. Ripk 1®#!//RHlM Rink3*!~ mice were also 
viable and fertile (Fig. 1f), although 4 out of 7 mice developed severe 
dermatitis around the neck and ears after 6-9 months (Extended 
Data Fig. 2f). Sensitivity to Ripk3 gene dosage was not unexpected 
because halving the Ripk3 gene dosage also averts perinatal lethality 
in Ripk1~'~ Casp8'~ mice”. Ripk1!”/84M mice expressing RIPK3 
with RHIM residues VQIG mutated to AAAA (Extended Data Fig. 3a) 
or catalytically inactive RIPK3(D161N)* also survived beyond 
weaning, were fertile, and had no overt defects (albeit the eldest mice 
analysed were only aged 5-8 months) (Extended Data Fig. 3b-d). 
These data provide further support for necroptosis driving the lesions 
in Ripk [R#!M/RHIM mice because both the RHIM and kinase activity 
of RIPK3 are critical for necroptosis induction'*-!” (Extended Data 
Fig. 3e-h). 

RIPK1 deficiency compromises TNF signalling in some cell 
types”!8, so we compared wild-type, Ripk1~'~, and Ripk R#IM/RHIM 
primary mouse embryo fibroblasts (MEFs) after TNF treatment. 
Phosphorylation and degradation of IkBa, and phosphorylation 
of p38 and JNK were impaired in Ripk1~'~ MEFs as reported’, but 
occurred normally in Ripk12#!/RH™M MEFs (Extended Data Fig. 4a, b). 
Ripk ]R4IMW/RHIM MEFs treated with TNF also maintained normal levels 
of FLIP (FLICE-inhibitory protein), TRAF2 (TNF receptor associated 
factor 2), and cIAP1 (cellular inhibitor of apoptosis protein 1), whereas 
these proteins were lost from Ripk1~/~ MEFs (Extended Data Fig. 4c). 
Therefore, these RIPK1-dependent signalling events triggered by TNF 
in MEFs do not require the RIPK1 RHIM. 

Next we examined necroptosis signalling in primary Ripk ]!M/RHIM 
MEFs treated with TNF plus the pan-caspase inhibitor Z-VAD-FMK 
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Figure 1 | Mutation of the RIPK1 RHIM causes RIPK3/MLKL- 
dependent lethality. a, Organization of the Ripk1*"™ mutant allele. 
Black boxes indicate exons. b, Numbers of offspring from intercrossing 
Ripk1*/®™ parents. c, E18.5 embryo sections. Autophosphorylated 
RIPK3 stained brown (p-RIPK3 immunohistochemistry (IHC)). H&E, 
haematoxylin and eosin. Scale bars, 100 jm. Results are representative 


(hereafter denoted as TZ). Similar to wild-type macrophages (Extended 
Data Figs 3g and 4d), wild-type or Ripk1®#!//24M MEFs exhibited 
RIPK1 phosphorylation on Ser166 after TZ treatment (Fig. 2a). We 
propose that this modification represents RIPK1 autophosphoryla- 
tion because it was absent when cells expressed catalytically inactive 
RIPK1(D138N). Interestingly, Ser166 phosphorylation was detected as 
early as 5 min after treatment with TNF or TZ (Fig. 2b), indicating that 
it is not a necroptosis-specific modification. Analysis of the TNFR1- 
associated signalling complex induced by TZ (Fig. 2c) indicated that 
wild-type, catalytically inactive, or RHIM mutant RIPK1 were incorpo- 
rated into the complex and modified in a manner consistent with them 
being ubiquitylated'®. However, only wild-type and RHIM mutant 
RIPK1 were also phosphorylated on Ser166. Ubiquitylation of RIPK1 
is thought to contribute to TAK1 and IKK activation?”4, so our data 
implying that RIPK1 autophosphorylation is dispensable for RIPK1 
ubiquitylation fit with TNF activating IKK- and TAK1-dependent 
signalling pathways normally in Ripk1?38N/P138N cells (Extended 
Data Fig. 5b). 

We explored whether TNF-induced phosphorylation of RIPK1 
Ser166 required RIPK1 ubiquitylation by pretreating wild-type MEFs 
with the IAP (inhibitor of apoptosis protein) antagonist BV6 or by 
analysing Tradd~'~ macrophages (Extended Data Fig. 5a, b). Wild-type 
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of three (wild type, Ripk1®™™/2"™ and Ripk 12/24 Rink3~'~) or five 
embryos (Ripk1®M/RHIM vikI-'-). d, e, Numbers of offspring from 
intercrossing compound heterozygote parents. f, Kaplan-Meier plot of 
mouse survival. Mice were found dead (&) or euthanized because of an 
enlarged abdomen (#) or skin lesions (*). 


MEFs treated with BV6 lacked detectable cIAP1, consistent with BV6 
inducing proteasomal degradation of cIAP1 and cIAP2 (ref. 25). In 
addition, RIPK1 associated with TNFR1 no longer migrated as a high 
molecular weight smear, consistent with it being poorly ubiquitylated 
(Extended Data Fig. 5a). However, RIPK1 phosphorylation on Ser166 
was still detected, implying that RIPK1 autophosphorylation does not 
require RIPK1 ubiquitylation. Similar results were obtained using 
Tradd~'~ macrophages, which had reduced RIPK1 ubiquitylation in 
the TNFR1 signalling complex (Extended Data Fig. 5b). Collectively, 
our data suggest that RIPK1 associated with TNFRI1 undergoes ubiqui- 
tylation and autophosphorylation with each modification not requiring 
the other. 

TZ caused RIPK1 to interact with RIPK3 in wild-type MEFs, whereas 
TNE or Z-VAD-FMK alone did not (Extended Data Fig. 5c). Consistent 
with previous studies'®"®, this interaction required both the RHIM and 
kinase activity of RIPK1 (Fig. 2a). RIPK1 interacting with RIPK3 pro- 
motes RIPK3 oligomerization and autophosphorylation”®. Therefore, 
as expected, TZ induced RIPK3 autophosphorylation in wild-type 
MEFs, but not in Ripk1?138N/P138N MEFs (Fig. 2a). RIPK3 was not 
autophosphorylated in wild-type MEFs treated with TNF or Z-VAD- 
FMK individually (Fig. 2d). Notably, both Ripk R4#!//R4M and Ripk1-!~ 
MEFs exhibited RIPK3 autophosphorylation in medium alone (Fig. 2a, 
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Figure 2 | The RIPK1 RHIM is dispensable for RIPK1 
autophosphorylation but mediates interactions with RIPK3 in 
response to TZ. a—d, Western blots of MEFs or immunoprecipitations 
(IP). T, TNF; Z, Z-VAD-FMK; p-RIPK1, phosphorylated RIPK1 Ser166; 


Extended Data Fig. 5d). These data indicate that the RHIM of RIPK1 
suppresses RIPK3 activation in MEFs as well as in the skin and thy- 
mus of the developing mouse. RIPK3 autophosphorylation in the 
Ripk [RHIM/RHIM oy Ripk1~/~ MEFs induced little cell death (Extended 
Data Fig. 5e), although it should be noted that wild-type MEFs were 
considerably less sensitive to TZ than either macrophages (Extended 
Data Fig. 3e) or immortalised MEFs*. Primary MEFs expressed less 
MLKL than macrophages (Extended Data Fig. 5f), which perhaps 
explains their relative insensitivity to RIPK3 activation. 

We next investigated whether an upstream stimulus drives RIPK3 
activation in Ripk1~!~ or Ripk1®#!//R4™M cells. ZBP1 and TRIF (also 
known as Ticam1) are RHIM-containing proteins that interact with 
RIPK3, and we therefore tested whether loss of both ZBP1 and TRIF sub- 
stituted for RIPK3 deficiency and rescued lethality in Ripk1~/~ Casp8'~ 
mice!*. After intercrossing Ripk1*'~ Casp8*'~Zbp1—'" Trif '~ mice, we 
obtained viable Ripk1~'" Casp8-'~ Zbp1~'~ Trif-/~ mice with a median 
survival of 17 weeks, whereas Ripk1~'~Casp8*'*Zbp1~/~ Trif-'~ or 
Ripk1~'~Casp8*' Zbp1—'~ Trif-/~ littermates died within 3 weeks 
(Fig. 3a, b). With the exception of three mice with malocclusion, all 
weaned Ripk1~'~Casp8"'" Zbp1~' Trif-'~ mice had to be euthanized 
after 125 to 175 days when masses caused by lymphadenopathy were 
observed (Fig. 3c). CD3+B220* T cells had accumulated (Fig. 3d) 
owing to caspase-8 deficiency*’. Lymphadenopathy was accompanied 
by elevated serum cytokines and chemokines including IL-17A and 
CCL4 (Extended Data Fig. 6a). The only other consistent pheno- 
type revealed by histological analysis of all major organ systems at 
3-6 months of age was a marked depletion of testicular germ cells in 
the Ripk1~'~ Casp8'~Zbp1~'~ Trif/~ males (Extended Data Fig. 6b). 

Survival of Ripk1~'Casp8-'Zbp1-'~ Trif-'~ mice beyond 
weaning suggests that ZBP1 and/or TRIF promote RIPK3 acti- 
vation when RIPK1 is absent. Consistent with this notion, E18.5 
Ripk1~'" Zbp1-'~ Trif ‘~ skin had few cells containing autophospho- 
rylated RIPK3 when compared to Ripk1~'~ skin (Fig. 3e). Epidermal 
hyperplasia and dermatitis in Ripk1~'"Zbp1~'~ Trif-'~ skin was 
presumably due to caspase-8-dependent apoptosis because neither 
occurred in the skin of Ripk1~'~Casp8~'"Zbp1~'~ Trif-'~ mice aged 
3-6 months (Extended Data Fig. 6c). One Ripk1~/~ Casp8'~Zbp1-'~ 
mouse and one Ripk1~'"Casp8'~Zbp1'" Trift’~ mouse were obtained 


p-RIPK3, phosphorylated RIPK3 Thr231 and Ser232. Asterisks indicate 
non-specific bands. Results are representative of 2 (c), 4 (a, b) or 5 (d) 
independent experiments. For gel source data, see Supplementary Fig. 1. 
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Figure 3 | Combined ZBP1 and TRIF deficiency rescues perinatal 
lethality in Ripk1~'~ Casp8~'~ mice. a, Numbers of offspring from 
intercrossing Ripk1*/~ Casp8*!~Zbp1~/~ Trif-/~ parents. b, Kaplan-Meier 
plot of mouse survival. Animals not found at weaning were recorded as 
dead at 21 days, but may have died earlier. c, Spleen and lymph nodes 

of male littermates aged 18 weeks. d, Flow cytometric analysis of lymph 
node cells from female mice aged 15-17 weeks. e, E18.5 skin sections. 
Autophosphorylated RIPK3 (p-RIPK3 IHC) stained brown. Scale bar, 
100m. Results are representative of 3 (e) or 4 (c, d) mice of each genotype. 
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Figure 4 | ZBP1 interacts with RIPK3 to trigger necroptosis in 

Ripkl RHIM/RHIM wy ice, a, b, Numbers of offspring from intercrossing 
compound heterozygote parents. c, Kaplan-Meier plot of mouse survival. 
d, Skin sections from female littermates aged 7 weeks. Autophosphorylated 
RIPK3 (p-RIPK3 IHC) stained brown. Scale bar, 100|1m. Results are 
representative of 2 Ripk 18#!/RHIM7 bp» 1~'~ mice. e, Western blots of 
macrophages or immunoprecipitates (IP). Results are representative of 

4 independent experiments. For gel source data, see Supplementary Fig. 1. 


from limited intercrossing of Ripk1*’ Casp8*' Zbp1*'” Trif*'” mice. 
At 7 weeks of age, they both exhibited suppurative bronchopneumonia, 
elevated serum IL-1la, IL-6 and G-CSE, and mild dermatitis and/or 
panniculitis (Extended Data Fig. 6d-f). These data imply that 
TRIE contributes to inflammation in Ripk1 ~/~ mice, but it is ZBP1 
that drives perinatal lethality. Accordingly, ZBP1 deficiency alone 
rescued perinatal lethality in the Ripk1®#!“/""" mice, whereas TRIF 
deficiency did not (Fig. 4a-c, Extended Data Fig. 7a). At 7-13 weeks of 
age, Ripk 1R4IM/RHIM7 bp 1~!~ mice exhibited mild foci of neutrophilic 
inflammation that varied in location between animals. In addition, 
a small amount of RIPK3 autophosphorylation was detected in the 
dermis (Fig. 4d) and bone-marrow-derived macrophages (BMDMs; 
Extended Data Fig. 7b). However, RIPK3 autophosphorylation was not 
detected in Ripk1®4!!//2#!M7 bp 1~'~ Trif-'~ BMDMs, suggesting that 
the RIPK1 RHIM also suppresses TRIF-dependent RIPK3 activation 
and inflammation. 

We sought biochemical evidence for TRIF or ZBP1 binding to RIPK3 
in Ripk1R#!//RH™M macrophages, but found that Ripk1®4!M/RHIM feta] 
liver cells cultured with macrophage colony-stimulating factor yielded 
approximately fivefold fewer Mac-1*F4/80+ macrophages than their 
wild-type counterparts (Extended Data Fig. 7c). Furthermore, Ripk1~/~ 
or Ripk18#!/RHIM macrophages contained abnormally low amounts of 
ZBP1, RIPK3 and MLKL (Extended Data Fig. 7d), suggesting selection 
for cells that were unable to die owing to loss of these proteins. To 
circumvent these issues, we analysed Ripk1®4!/R4IMikI-'~ BMDMs. 
No interaction between RIPK3 and TRIF was detected, but RIPK3 did 
coimmunoprecipitate with ZBP1 (Fig. 4e). No RIPK3/ZBP1 interaction 
was detected in wild-type, MIkI-/~ or Ripk 1R#MV/RHIM Rip k 3RHIM/RHIM 
BMDMs, indicating that ZBP1 engages the RIPK3 RHIM only when the 
RIPK1 RHIM is mutated. We explored whether RIPK1 might sequester 
ZBP1 in wild-type cells and thereby prevent it from interacting with 
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RIPK3, but failed to detect a RIPK1/ZBP1 interaction. Therefore, how 
the RIPK1 RHIM suppresses the ZBP1/RIPK3 interaction remains 
enigmatic. 

ZBP1 has two N-terminal Z-DNA binding domains in addition 
to its C-terminal RHIMs’%, and promotes necroptosis in response 
to murine cytomegalovirus’ or influenza® infection. However, it 
is unclear if ZBP1 acts as a DNA sensor during infection. ZBP1 is 
also a type-I-interferon-inducible gene”. Interestingly, ZBP1 was 
more abundant in E18.5 Ripk1!”/2"™ skin and there was a slight 
increase in Ifnb1 expression (Extended Data Fig. 8a, b). However, 
ZBP1 and Ifnb1 were not increased in Ripk 12#!//4IMRipnk3~/~ or 
Ripk 1RHIM/RHIM vf]kI~'~ skin. It is possible that Ripk1R!M/R4IM skin 
contained more ZBP1 because of infiltrating leukocytes. Immune cells 
undergoing necroptosis may also have enhanced RIPK3 autophospho- 
rylation in Ripk18#!/R4IM skin compared to Ripk [R#!M/RHIM yk ]-!— 
skin (Fig. 1c, Extended Data Fig. 8a). 

Collectively, our analyses have revealed an unexpected role for ZBP1 
in triggering necroptosis in the perinatal period. Future studies will 
need to address if ZBP1 senses viral infections and/or DNA in this 
context, or if mutation of the RIPK1 RHIM is necessary and sufficient 
for ZBP1/RIPK3 interactions that induce necroptosis (Extended Data 
Fig. 9). The mechanism by which the RIPK1 RHIM prevents ZBP1 
from binding to RIPK3 also warrants further study. 


Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper. 
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METHODS 


Mice. The experiments were not randomized and the investigators were not 
blinded to allocations during experiments and outcome assessment. No statistical 
methods were used to predetermine sample size. 

Ripk3~'~ (ref. 4), Ripk3P!°1N/PISIN (ref. 4), Ripk 1P138N/PIF8N (ref. 4), Ripk1~/~ 
(ref. 4), Casp8-/~ (ref. 4), Tradd~'~ (ref. 22), MIkl~'~ (ref. 30), Zbp1-'~ (ref. 31), 
and Trif~/~ (ref. 32) mice were described previously. A second Zbp1~‘~ strain 
generated by Taconic (Germany) using C57BL/6NTac ES cells was also crossed 
to Ripk184!M/RHIM mice and rescued perinatal lethality similar to the published 
Zbp1~'~ strain*!, so results were pooled. The Taconic strain lacked the Zbp1 5! 
UTR and exon 1 corresponding to NCBI37/mm¢9 chr2:173,043,537-173,045,687. 
Loss of ZBP1 protein was confirmed in macrophages (Extended Data Fig. 7b). 
Ripk1R4™' and Ripk3®"™'* mice were generated at Genentech using C57BL/6N 
C2 ES cells. A FRT-flanked neomycin selection cassette inserted upstream of Ripk1 
exon 10 at position chr13:34,029,090 (GRCm38/mm10 assembly) or upstream 
of Ripk3 exon 10 at position chr14:55,785,501 (reverse strand) was deleted from 
the targeted embryonic stem cells before microinjection by adenoviral delivery 
of Flpe. Ripk1 sequence 5'-ATTCAGATTGGA-3' encoding RHIM residues 
IQIG was replaced with the sequence 5'-GCTGCGGCTGCA-3'. Ripk3 sequence 
5'-GTGCAGATTGGG-3' encoding RHIM residues VQIG was replaced with the 
sequence 5'-GCAGCCGCGGCT-3'. 

Ripk1®#"™ genotyping primers 5’/-CCACATTCTTGCCAACACTG-3' and 
5/-GCAAGTATTGTTTGGTGGTTG-3' amplified 299 base pair (bp) wild-type 
and 333-bp knock-in DNA fragments. Ripk3*"™ genotyping primers 5/-AGC 
AGGCACTACTCTTTGAGCT-3 and 5‘-CTGTGCTTGGTCATACTTGGC-3' 
amplified 325-bp wild-type and 359-bp knock-in DNA fragments. 
Zbp1 genotyping primers 5’-AGACCATTAGAAAGCACAGATC-3’', 
5'-TGGCCTCTCCTTCATTCC-3' and 5’/-CTCCTAGGTCAGTGACTCTC 
amplified 145-bp wild-type and 294-bp knockout (Taconic strain) DNA fragments. 

For timed pregnancies, mice were designated E0.5 on the morning a vaginal plug 

was detected. When determining offspring numbers, pups were clipped between 
4-6 days of age. The Genentech institutional animal care and use committee 
approved all protocols. 
Immunohistochemistry and TUNEL staining. Formalin-fixed, paraffin- 
embedded tissue sections were stained with 5,.g ml~! rabbit anti-mouse 
phospho-RIPK3 antibody (GEN135-35-9, Genentech) recognizing phosphorylated 
residues Thr231, Ser232 or 0.05 pg ml rabbit anti-cleaved caspase-3 (CC3) 
antibody (Cell Signaling Technology). Immunohistochemistry was performed 
on the Ventana Discovery XT platform with CC1 standard antigen retrieval. 
The reaction was detected with the HQ amplification system (p-RIPK3) or 
OmniMap detection system (CC3) using DAB as the chromogen and haematoxylin 
counterstain. TUNEL staining was performed using the Apoptag kit (EMD 
Millipore) with proteinase K digestion. 

Stained slides were digitized using a Nanozoomer digital slide scanner. Regions 

of interest in the dorsal skin and thymus were manually annotated on the digital 
images and Matlab software (MathWorks) was used to quantify the total region of 
interest tissue area and the immunolabelled area. Final results were expressed as 
the percent immunolabelled area per total region of interest tissue area. 
Cell culture. Primary MEFs isolated from E13.5 or E14.5 embryos were grown 
in the high glucose version of Dulbecco’s Modified Eagle Medium (DMEM) 
supplemented with 10% heat inactivated-fetal bovine serum, 2mM glutamine, 
10mM HEPES (pH 7.2), 1x non-essential amino acids solution, 100U ml7! 
penicillin, and 100j:g ml“! streptomycin on tissue culture dishes pre-coated with 
0.1% gelatin in PBS. Primary macrophages were differentiated from bone marrow 
cells in non-treated plates using the same medium supplemented with 25 ng ml"! 
M-CSF (R&D Systems) for 5-6 days. Bone-marrow-derived macrophages 
(BMDMs) were then collected and replated for experiments. BMDMs and MEFs 
were stimulated with 100ng ml“! murine TNF (Genentech), 201M Z-VAD-FMK 
(Promega), 100ng ml! ultra-pure LPS-EB (Invivogen), 50 1g ml! LMW poly I-C 
(Invivogen), 21M BV6 (Genentech), 1 j,g ml-! TNF-Flag (Enzo Life Sciences) or 
201g mI"! cycloheximide (Sigma). BMDM viability was assessed after YOYO-1 
(Molecular Probes) staining and live-cell imaging in an Incucyte system (Essen 
Bioscience). Alternatively, BMDMs were collected from non-treated plates with a 
cell scraper into the culture medium along with any floating dead cells, stained with 
2.5,.g ml“! propidium iodide (PI; BD Biosciences), and analysed in a FACSCanto 
II (BD Biosciences). 

E14.5 fetal liver cells were plated overnight in high glucose DMEM supple- 
mented with 10% heat inactivated-fetal bovine serum, 2mM glutamine, 100,1M 


asparagine, 55|.M 2-mercaptoethanol, 50 U ml! penicillin, and 50j1g ml! strepto- 
mycin. 2.5 x 10° viable, nucleated, non-adherent cells were then plated on a 15-cm 
non-treated dish in 50ng ml -' M-CSF (R&D Systems) for 7 days. Adherent cells 
were collected with a cell scraper, counted, and then analysed by flow cytometry 
after staining with antibodies recognizing FITC-conjugated MCA497, CI:A3-1 
anti-F4/80 (Bio-Rad), PE-conjugated M1/70 anti-Mac-1 (BD Biosciences), and 
APC-conjugated RB6-8C5 anti-Gr-1 (BD Biosciences). Dead cells that stained 
with PI were excluded from analyses. 

Lymph node cells were stained with FITC-conjugated 145-2C11 anti-CD3 (BD 
Biosciences) and APC-conjugated RA3-6B2 anti-B220 (BD Biosciences) antibodies 
for flow cytometric analysis. Dead cells that stained with PI were excluded from 
analyses. 

To test the specificity of the GEN135-35-9 anti-phospho-RIPK3 antibody, 

293T cells (ATCC CRL-3216) were transfected with N-terminal 3 x Flag-tagged 
mouse RIPK3 variants in vector pCMV-3Tag-6 (Agilent) using lipofectamine 
2000 (ThermoFisher). The cell line was neither authenticated nor tested for 
mycoplasma. 
Immunoprecipitation and western blotting. Cells were lysed in 20 mM Tris. 
HCl pH 7.5, 135mM NaCl, 1.5mM MgCl, 1mM EGTA, 1% Triton X-100, 
10% glycerol, phosSTOP phosphatase inhibitor (Roche), and complete protease 
inhibitor cocktail (Roche) (Figs 2, 4e, Extended Data Figs 1c, 3g-h, 4a—c, 5 and 
8a). Insoluble material was removed by centrifugation at 20,000g before immu- 
noprecipitation or addition of LDS sample buffer. Alternatively, cells were lysed 
in 10mM Tris-HCl (pH 7.5), 150mM NaCl, 2.5mM MgCh, 0.5mM CaCh, 1% 
NP40, phosphatase/protease inhibitors (Roche) and DNase (~80U ml !, Qiagen) 
(Extended Data Figs 1d, 4d, 7). The whole-cell lysate was denatured directly in 
LDS sample buffer. 

Immunoprecipitating antibodies recognized RIPK1 (610459, BD Biosciences), 
RIPK3 (NBP1-77299, Novus Biologicals), ZBP1 (clone Zippy-1, Adipogen), Flag 
(clone M2, Sigma), or were irrelevant control IgGs (Mouse IgG2a, BD Biosciences, 
553454; or Rabbit IgG, Millipore, 12-370). Antibody complexes were recovered 
with magnetic protein A/G beads (Pierce) or magnetic Flag beads (Sigma). 

Western blot antibodies recognized RIPK3 (1G6.1.4, Genentech), phospho- 
rylated RIPK3 Thr231, Ser232 (GEN135-35-9 raised against peptide ELVDK(pT) 
(pS)LIRET, Genentech), RIPK1 (BD Biosciences), phosphorylated RIPK1 Ser166 
(GEN150-33-4 raised against peptide GVASFKT W(pS)KLTKEK, Genentech), Flag 
(clone M2, Sigma), 3-actin (MP Biomedicals, mouse clone C4), FADD (1.28E12, 
Genentech), caspase-8 (1G12, Enzo Life Sciences), FLIP (2.21H2, Genentech), 
MLKL (1G12, Genentech), TRAF2 (7187, Santa Cruz Biotechnology), cIAP1 
(ALX-803-335-C100, Enzo Life Sciences), TRIF (GENW2-6, Genentech) and 
TRADD (GN21-3, Genentech). The following antibodies were from Cell Signaling 
Technologies: p-ERK (9101), ERK (9102), p-JNK (4668), JNK (9258), p-IKBa 
(2859), IkBa (9242), p-p65/RelA (3033), p65/RelA (8242), p-p38 (9211), and 
p38 (8690). RIPK3 antibody 1G6 was biotinylated using a Biotin-xx Microscale 
Protein Labelling Kit (Molecular Probes) in order to detect RIPK3 in ZBP1 
immunoprecipitates. 

Chemokines and cytokines. E18.5 mouse skin was homogenized in ice-cold 
50mM Tris HCl (pH 7.4), 150mM NaCl, 2mM EDTA, 0.5% sodium deoxycholate, 
0.1% SDS, 1% NP-40, and 1mM DTT supplemented with complete protease 
inhibitor cocktail (Roche). Insoluble material was pelleted at 20,000xg and the 
protein concentration in the soluble fraction measured by Bio-rad Protein Assay. 
Skin lysates adjusted to 1 mg protein/ml or sera were analysed by Bio-Plex Pro 
Mouse Cytokine 23-plex (Bio-Rad). 

Quantitative reverse-transcription PCR. RNA was isolated from E18.5 skin with 
an RNeasy mini-kit (Qiagen). An on-column DNase treatment was included. 
cDNA was generated from each RNA sample using a High Capacity cDNA 
Reverse Transcription kit (Applied Biosystems). Gene expression assays were from 
Life Technologies: Ifnb1: Mm00439552_s1; Gapdh: 4352339E. Ifnb1 levels were 
normalized against Gapdh. 

Data availability. The data sets generated during and/or analysed during 
the current study are available from the corresponding author on reasonable 
request. 
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Extended Data Figure 1 | Characterization of Ripk1 mutant mice overexpression being sufficient to activate RIPK3 autophosphorylation 


with a monoclonal antibody recognizing autophosphorylated on Thr231 and Ser232 based on mass spectrometry (data not shown). 
RIPK3. a, E18.5 peritoneum and liver sections or E17.5 colon sections p-RIPK3, RIPK3 phosphorylated on Thr231, Ser232. d, Western blots of 
stained with H&E. Scale bar, 50|1m (peritoneum) or 100 1m (colon and macrophages at 4h after treatment. T, TNF. Z, Z-VAD-FMK. Results are 


[RMR and representative of 5 independent experiments. e, E18.5 embryo sections. 


Ripk R#MW/RHIMRink3~'~) or 5 embryos (Ripk1®4//2#!M vikl-'~).b, Model _ Cells containing p-RIPK3 are stained brown. Scale bar, 50 jum (except 
for RIPK3 activation following mutation of the RIPK1 RHIM. c, Western thymus, which has a 100,1m scale bar). Results are representative of 
blots of 293T cells transfected with Flag-tagged mouse RIPK3 variants, 3 mice of each genotype. For gel source data, see Supplementary Fig. 1. 
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Extended Data Figure 2 | Characterization of Ripk mice 
lacking RIPK3 or MLKL. a, E18.5 skin sections stained for cleaved 
caspase-3 (CC3) by immunohistochemistry (IHC) or nicked DNA 

by TUNEL assay. WT, wild-type. Scale bar, 100 1m. b, Graph indicates 
the percentage of tissue that was positive for RIPK3 phosphorylated 
on Thr231, Ser232 (p-RIPK3), CC3, or TUNEL in E18.5 thymus 

and skin. Tissue sections from 3 (wild type and Ripk1®#/R4M) or 

5 (Ripk1RW/RHIM Vi1kI-'~) embryos were analysed. Each symbol 
represents one embryo. c, E18.5 skin cytokines and chemokines. Bars 
indicate the mean + s.e.m. of 5 embryos of each genotype. * P< 0.05 
when comparing wild-type and Ripk ]®@//RHIM 


embryos by 2-tailed t-test. 


Ripk1RHMRHIM Rink3* 


d, Body weights of mice aged 7-8 months. Each symbol represents one 
mouse. e, Serum cytokines and chemokines of mice aged 8-12 months. 
Bars indicate the mean +s.e.m. of 3 females and 3 males of each genotype. 
* P<0.05 by 2-tailed t-test when compared to wild-type. f, H&E stained 
skin sections of female mice aged 9 months. Scale bar, 100 1m. Note that 
mild dermatitis and/or panniculitis were observed in 3 out of 5 wild-type 
mice aged 8-10 months. More severe dermatitis was seen in 1 out of 

3 Ripk1R!/RHIM Ripk3~'~ mice aged 9 months, and 2 out of 4 
Ripk[RUIM/RHIM ViikI-'~ mice aged 9 months. Given that dermatitis 

is a common finding in older C57BL/6 mice, larger cohorts would be 
needed to exclude age-related variability. 
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Necroptosis 


Extended Data Figure 9 | Model for activation of RIPK3 by ZBP1 in 

the perinatal period. Mutation of the RIPK1 RHIM promotes RHIM- 
dependent interactions between ZBP1 and RIPK3, resulting in RIPK3 
autophosphorylation and MLKL-dependent necroptosis. It is unclear if the 
ZBP1/RIPK3 interaction is driven by an upstream stimulus, such as the 
binding of RNA or DNA to the Za domains in ZBP1. 
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The SND proteins constitute an alternative targeting 
route to the endoplasmic reticulum 


Naama Aviram}, Tslil Ast!+, Elizabeth A. Costa?, Eric C. Arakel’, Silvia G. Chuartzman!, Calvin H. Jan2, Sarah Hafsdenteufel‘, 
Johanna Dudek’, Martin Jung‘, Stefan Schorr‘, Richard Zimmermann‘, Blanche Schwappach*”, Jonathan S. Weissman? & 


Maya Schuldiner! 


In eukaryotes, up to one-third of cellular proteins are targeted 
to the endoplasmic reticulum, where they undergo folding, 
processing, sorting and trafficking to subsequent endomembrane 
compartments!. Targeting to the endoplasmic reticulum has 
been shown to occur co-translationally by the signal recognition 
particle (SRP) pathway’ or post-translationally by the mammalian 
transmembrane recognition complex of 40 kDa (TRC40)** and 
homologous yeast guided entry of tail-anchored proteins (GET)°* 
pathways. Despite the range of proteins that can be catered for by 
these two pathways, many proteins are still known to be independent 
of both SRP and GET, so there seems to be a critical need for an 
additional dedicated pathway for endoplasmic reticulum relay”*. 
We set out to uncover additional targeting proteins using unbiased 
high-content screening approaches. To this end, we performed a 
systematic visual screen using the yeast Saccharomyces cerevisiae”, 
and uncovered three uncharacterized proteins whose loss affected 
targeting. We suggest that these proteins work together and 
demonstrate that they function in parallel with SRP and GET to 
target a broad range of substrates to the endoplasmic reticulum. 
The three proteins, which we name Snd1, Snd2 and Snd3 (for 
SRP-independent targeting), can synthetically compensate for 
the loss of both the SRP and GET pathways, and act as a backup 
targeting system. This explains why it has previously been difficult 
to demonstrate complete loss of targeting for some substrates. Our 
discovery thus puts in place an essential piece of the endoplasmic 
reticulum targeting puzzle, highlighting how the targeting 
apparatus of the eukaryotic cell is robust, interlinked and flexible. 

To uncover factors that contribute to endoplasmic reticulum (ER) 
targeting, we devised a high-content screen in the yeast S. cerevisiae 
(Fig. 1a). We followed the fate of a model substrate, Gas1, which is 
known to be completely SRP-independent and only partially dependent 
on GET for targeting to the ER®!°. Using automated techniques'"'”, we 
integrated fluorescently tagged Gas] (RFP-Gas1) into around 6,000 
strains harbouring mutations in every yeast gene'*'4 and imaged them 
on an automated fluorescence microscopy platform'>. We visually 
searched for strains in which Gas] localized differently from wild-type 
or negative controls (where it localizes to the cell walls and vacuoles; 
Fig. 1b, Extended Data Fig. 1a). In strains mutated in the canonical 
translocon subunit Sec61 (ref. 16), the auxiliary complex that facilitates 
SRP-independent translocation (Sec62, Sec63, Sec66, Sec72)!” or the 
GET pathway (Get3)°, Gas1 accumulated in the cytosol, where it 
aggregated as expected (Fig. 1b) (for a full list of genes that displayed 
an altered phenotype, see Supplementary Table 1). 

Three uncharacterized mutants showed a similar mislocalization 
effect to the Aget3 strain (Fig. 1b). Because the Gas1 foci that formed 
in the three mutants co-localized with a soluble misfolded marker'® 
(Extended Data Fig. 1b), and as the mutants did not affect the 


localization of an SRP-dependent substrate (Extended Data Fig. 1c), we 
named these new elements SND (SRP-independent targeting) proteins. 

Snd1 (encoded by YDR186C, here called SND1) is predicted to be 
soluble (Extended Data Fig. 1d), localizes to the cytosol’? (Fig. 1c; for 
verification that all tagged SND proteins are functional see Extended 
Data Fig. 1e) and was proposed to be a peripheral ribosomal protein”’. 
Snd2 (encoded by ENV10, also known as YLRO65C, here called SND2) 
is predicted to have four transmembrane domains (Extended Data 
Fig. 1d), localizes to the ER membrane (Fig. 1c) and was previously 
shown to affect carboxypeptidase Y (CPY) maturation?!. The human 
orthologue of Snd2, TMEM208 (here referred to as hSnd2), was 
previously shown to localize to the ER when tagged”. We confirmed 
localization of the native protein by raising antibodies against hSnd2 
and could detect it in canine pancreatic microsomes and enriched in ER 
fractions of HEK293 cells (Extended Data Fig. 1f, g). The third protein, 
Snd3 (encoded by PHO88, also known as YBR106W, here called 
SND3), is predicted to have one transmembrane domain (Extended 
Data Fig. 1d), and is localized to the ER!? (Fig. 1c). Loss of SND3 has 
been shown to affect secretion of the yeast acid phosphatase via an 
unknown mechanism’. 

To investigate whether the SND proteins work cooperatively in a 
pathway or complex, we immunoprecipitated GFP-Snd2 and Snd3- 
GFP. Mass spectrometry analysis showed that both of them interacted 
physically with components of the targeting and translocation 
apparatus of the cell (Supplementary Table 2). Interestingly, GFP-Snd2 
pull-downs were enriched for Snd1 (Supplementary Table 2). Snd2 also 
co-immunoprecipitated with Snd3 and Sec61 (Fig. 1d). Moreover, we 
found Snd2 and Snd3 in a complex with the translocon when assayed 
by blue native gel electrophoresis followed by SDS-PAGE (Extended 
Data Fig. 2a). In support of the idea that these proteins have a role in 
targeting substrates to the translocation machinery, we also detected an 
interaction between the Snd2-Snd3 complex and the cytosolic (that is, 
non translocated and unglycosylated) fraction of our model substrate, 
RFP-Gas1 (Fig. 1d). 

Next, we found that the stability of Snd1 protein was compromised in 
the SND2/SND3 double mutant (Fig. le). Conversely, localization of Snd2 
and Snd3 was altered upon loss of other SND components (Extended 
Data Fig. 2b). We observed a synthetic sick interaction between Asnd3 
and Asnd1 or Asnd2 when inspecting colony sizes (Extended Data 
Fig. 2c), but complete epistasis of Asnd3 with both Asnd1 and Asnd2 in 
their effect on Gas1 aggregation (Extended Data Fig. 2d, e). As the single 
deletion of SND3 led to impaired growth (Extended Data Fig. 2c), and as 
the Snd3 protein is an order of magnitude more abundant than Snd1 or 
Snd2 (ref. 24), it is possible that its synthetic growth interaction results 
from an additional cellular role, unrelated to its common function with 
SND1 and SND2. Together, these findings support the idea that the SND 
proteins function in a joint targeting pathway. 
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Figure 1 | A systematic screen uncovers uncharacterized ER targeting 
elements. a, A systematic screen for localization of SS-RFP-Gas1 on the 
background of yeast mutant libraries. SS, signal sequence. b, Mutants 

of SND1, SND2 or SND3 affect SS-RFP-Gas1 targeting similarly to 
known translocation or targeting mutants. c, Localization of GFP- 
tagged Snd1, Snd2 and Snd3. ER is marked by Sec63-RFP. d, Anti-GFP 
immunoprecipitation from GFP-Snd2/Snd3-HA strain and the negative 


To directly test whether SND proteins affect targeting and uncover 
their substrate range, we turned to proximity-specific ribosome 
profiling’® (Fig. 2a). A subset of transcripts was depleted on the ER 
membrane in cells from all three Asnd strains, providing independent 
evidence that the SND machinery has a role in targeting these 
substrates to the ER surface as they are being translated (Fig. 2b). The 
proteins most affected in the snd mutants have been previously shown 
to accumulate on the ER membrane in the presence of the translational 
inhibitor cycloheximide, indicative of targeting that is only loosely 
coupled to translation’®. Notably, transcripts encoding proteins bearing 
an N-terminal transmembrane domain (TMD) (that is, in the first 95 
amino acids, within the optimal recognition window of SRP?°) did not 
appear to be effected, whereas proteins with more downstream TMDs 
were depleted in all three Asnd strains (Fig. 2c; for a full list of tran- 
scripts affected in SND mutants, see Supplementary Table 3). 

To verify the results of the ribosome-profiling assay, we assayed a 
representative secretory protein, Ynl181w, whose TMD is in the central 
portion of the protein. Indeed, Yn1181w showed reduced targeting in 
the Asnd strains by both microscopy and in-vivo translocation assays 
(Fig. 2d, e). 

Our data suggest that the location of the first TMD within the 
protein is a major determinant of SND targeting and therefore merely 
altering the relative position of the first TMD in the protein should 
alter its pathway dependence. To test this idea, we re-engineered two 
secretory substrates to alter their TMD positions and tested their 


control Snd3-HA strain. GFP-Snd2 co-immunoprecipitated with Snd3- 
HA, Sec61 and the uninserted, cytosolic form of RFP-Gas1. e, GFP-Snd1 
levels are lower in the Asnd2/Asnd3 double mutant compared to the 
wild type (WT). Data shown are means + s.e.m. **P < 0.01 by two-tailed 
Student's t-test, n = 3, biological replicates. For gel source images, see 
Supplementary Fig. 1. Scale bars, 51m. All images are representative of 
around 300 cells per strain. 


targeting dependence. As predicted, simply moving the TMDs of two 
different substrates could alter their dependence on the SRP, SND or 
GET pathways (Fig. 2f, g and Extended Data Fig. 3). 

Together, our results suggest either that SND proteins specifically 
recognize substrates with central TMDs or that SNDs cater for a broad 
substrate range, but their loss is only visible for those substrates not 
efficiently targeted by SRP or GET. To differentiate between these two 
possibilities, we investigated the relationship between the SNDs and 
the SRP and GET pathways. 

To explore the interaction between the SNDs and the SRP pathway 
we used the previously described sec65-1 temperature-sensitive strain, 
which has reduced SRP function at the permissive temperature and 
complete loss of SRP at the restrictive one. On this background we 
expressed the SND genes under the inducible GAL1 promoter (Galp), 
which leads to either full repression (in glucose) or overexpression (in 
galactose). Slightly reduced SRP activity led to synthetic lethality in 
strains lacking SND2 or SND3 (Fig. 3a), whereas overexpression of 
SND2 or SND3 could rescue complete loss of SRP function (Fig. 3b), 
although Sec65 and Snd levels remained unchanged (Extended Data 
Fig. 4a, b). The restoration of viability was due to marked rescue of the 
cells’ targeting capabilities by SND proteins (Fig. 3c, d and Extended 
Data Fig. 4c). These findings suggest that the SND proteins provide 
an alternate targeting route for a broad range of substrates, including 
targets that, under normal physiological conditions, are likely to be 
efficiently captured by SRP. 
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Figure 2 | SNDs affect the targeting of proteins with downstream 
transmembrane domains. a, Schematic of proximity-specific ribosome 
profiling. b, Translational enrichment on the ER surface. Significantly 
enriched or depleted transcripts in Asnd mutants compared to wild type 
shown as blue or red circles, respectively. c, Cumulative distribution 

of ER enrichment of proteins with downstream TMDs (after 95 amino 
acids, red) or with an N-terminal TMD (in the first 95 amino acids, 


If SND proteins act as a targeting pathway with a broad substrate 
range, then the SND and GET pathways should also act as functional 
backups for each other. As previously shown”’, deletion of SND 
genes becomes lethal in the absence of members of the GET pathway 
(Fig. 4a). However, concomitant loss of SND genes in strains lack- 
ing the auxiliary translocon(Asec72) has epistatic or additive effects, 
suggesting that the SNDs target proteins to the SRP-independent 
translocon (Extended Data Fig. 5a). 

To ascertain that the cause of death of double SND/GET mutants lay 
in drastic alterations of targeting efficiency, we created a conditional 
double mutant for Snd2 and Get3, double deletion of which is synthetic 
lethal (Extended Data Fig. 5a, b). Metabolic labelling of RFP-Gas1 
clearly demonstrated that although the single mutations (Tetp-snd2 
or Aget3) had only a small effect on translocation efficiency (Fig. 4b 
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blue). d, Microscopy images of GFP-Ynl181w localization in SND 
mutants. e, Western blot of translocation efficiency of glycosylatable 

HA (HA-Gly)-tagged Ynl181w (data shown are means (s.e.m.), 1 = 3, 
biological replicates). g-Ynl181w, glycosylated. f, g, Microscopy images of 
localization of re-engineered Ydl121c (f) or Scs2 (g) on the background of 
targeting mutants. For gel source images, see Supplementary Fig. 1. Scale 
bars, 51m. All images are representative of around 300 cells per strain. 


and Extended Data Fig. 5c, d), the double mutant showed a marked 
decrease in mature RFP-Gas1 (Fig. 4b). The same is true for the 
known GET pathway substrate, the tail-anchored protein Ysy6 (ref. 6) 
(Fig. 4c), verifying our hypothesis that the two pathways work in 
parallel to ensure robust targeting. Conversely, when we used this 
system to test CPY or the SRP-dependent substrate DHCof, their trans- 
location was not hampered in either the single or the double mutants 
(Fig. 4d and Extended Data Fig. 5e-g), excluding any secondary effects 
of the double knockdown. 

Supporting our hypothesis that SND and GET have functional redun- 
dancy for targeting proteins with downstream targeting signals, we find 
that a synthetic construct of GFP fused to the C-terminal glycosylphos- 
phatidylinositol (GPI)-anchoring sequence of Gas1 (GFP-ASgas1)” 
can target well in the absence of either SND or GET but not in the 
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Figure 3 | SND proteins can compensate for loss of SRP. SND genes 
were expressed under the repressible (glucose) or inducible (galactose) 
Gall promoter. a, Growth at permissive temperature (30°C, induces mild 
reduction in SRP). Repression of SNDs leads to a synthetic sick or lethal 
phenotype. b, Growth at restrictive temperature (37 °C). Overexpression 
of SNDs rescues lethality. c, d, Metabolic labelling of Kar2. When 
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Figure 4 | The GET and SND pathways act as backups for targeting 

in vivo. a, Tetrads from AsndAget diploids demonstrate a synthetic sick/ 
lethal interaction. DM, double AsndAget mutant. b-d, Metabolic labelling 
of RFP-Gas1 (b), HA-Ysy6 (c) and DHCaF (d) showing a decrease in 
translocated forms only for SRP-independent substrates in the conditional 
SND2/GET3 double mutant. Accumulation of pre-inserted forms cannot 
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either SND2 (c) or SND3 (d) was overexpressed, Kar2 was translocated 
significantly better than when SND2 or SND3 were repressed (data shown 
are means + s.e.m., **P< 0.01, ***P < 0.001 by two-tailed Student's t-test, 
n= 3, biological replicates). Stronger Snd3-dependent translocation may 
explain the stronger rescue of this strain (b). For gel source images, see 
Supplementary Fig. 1. 
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N-terminal TMD C-terminal TMD 
be observed owing to lack of proteasomal inhibition. Results reproduced 
in three biological replicates. e, GFP fused to Gas1 GPI-anchoring 
sequence (GFP-ASg,s1). Percentage of cells (from 100) with mistargeting 
depicted on images. Scale bar, 5 um. f, Schematic of the eukaryotic ER- 
targeting apparatus. g, Model of the interplay among the ER-targeting 
pathways. For gel source images see Supplementary Fig. 1. 
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SND/GET double mutant (Fig. 4e). Hence, our results uncover the 
parallel functions of the SND and GET pathways in targeting proteins 
with downstream hydrophobic motifs. 

Together, our data reveal that the SNDs can target diverse proteins 
with signals dispersed throughout the entire protein range. Moreover, 
they highlight a complex interconnected web with the two known 
targeting pathways that may explain the original difficulty in identifying 
the SND pathway. 

Although its mechanistic details have yet to be uncovered, it is 
tempting to speculate about the mode of function of the SND path- 
way (Fig. 4f). As Snd1 is predicted to interact with ribosomes”, it 
may be involved in capturing nascent substrates. Snd2 and Snd3, both 
ER transmembrane proteins that form a complex together with the 
translocon (Fig. 1d and Extended Data Fig. 2a), could act as receptors 
in promoting substrate capture and handoff to the translocon. It would 
be interesting to investigate whether the human orthologue hSnd2 has 
a similar role in mammalian cells. 

Our data show that the three pathways, SRP, SND and GET, work in 
parallel to facilitate ER targeting of proteins bearing targeting motifs 
in all possible positions (Fig. 4g). If there is no distinct transmembrane 
position at which one pathway ceases to function and another steps 
in, but rather there exists a gradual decrease or increase in affinities, 
this would explain the substrate overlap between the pathways and the 
difficulties in reaching coherent understanding of the targeting require- 
ments for many substrates’. More generally, identifying the role of the 
SND proteins demonstrates once again the intricacy and complexity 
of the cellular network engaged in efficient targeting. 


Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper. 
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METHODS 


No statistical methods were used to predetermine sample size. The experiments 
were not randomized and the investigators were not blinded to allocation during 
experiments and outcome assessment. 

Yeast strains and strain construction. Yeast strains are all based on the BY4741 
laboratory strain”*. Manipulations were performed using a standard PEG/LiAC 
transformation protocol”. All deletions were verified using primers from within 
the endogenous open reading frame. Primers for all genetic manipulations were 
planned either manually or using the Primers-4-Yeast web tool®”. All strains, 
primers and plasmids used in this study?!“ are listed in Supplementary Table 4. 
Automated yeast library manipulations and high-throughput microscopy. 
SGA and microscopic screening were performed using an automated microscopy 
set-up as previously described!!', using the RoToR bench-top colony arrayer 
(Singer Instruments) and automated inverted fluorescent microscopic ScanR 
system (Olympus). Images were acquired using a 60 air lens with excitation 
at 490/20 nm and emission at 535/50 nm (GFP) or excitation at 575/35nm and 
emission at 632/60 nm (RFP). After acquisition, images were manually reviewed 
using the ScanR analysis program. 

Manual microscopy. Manual microscopy was performed using by one of two 
apparatuses. (I) Olympus IX71 microscope controlled by the Delta Vision 
SoftWoRx 3.5.1 software. Images were acquired using a 60x oil lens and captured 
by PhoetometricsCoolsnap HQ camera with excitation at 490/20 nm and emission 
at 528/38nm (GFP/YFP) or excitation at 555/28 nm and emission at 617/73 nm 
(mCherry/REP). (II) VisiScope Confocal Cell Explorer system, composed of a 
Zeiss Yokogawa spinning disk scanning unit (CSU-W1) coupled with an inverted 
Olympus [X83 microscope. Images were acquired using a 60 x oil lens and captured 
by a connected PCO-Edge sCMOS camera, controlled by VisView software, with 
wavelength of 488 nm (GEP) or 561 nm (mCherry/RFP). Images were transferred 
to Adobe Photoshop CS6 for slight adjustments to contrast and brightness. 
Co-immunoprecipitation. Lysates for immunoprecipitation were prepared from 
indicated strains in mid-logarithmic growth grown in YPD reach medium. Cells 
were harvested, washed in distilled water, and resuspended in lysis buffer (50 mM 
Tris HCl pH 7, 150mM NaCl) supplemented with protease inhibitors (complete 
EDTA-free cocktail; Roche) and frozen in a drop-by-drop fashion in liquid 
nitrogen. Frozen cells were then pulverized in a ball mill (1 min at 30 Hz; Retsch) 
and thawed with nutation. Samples were thawed in 1 ml lysis buffer supplemented 
with protease inhibitors and 1% CHAPS (Sigma Aldrich) at 4°C for 1h. All samples 
were then clarified by centrifugation at 14,000g at 4°C for 15 min. The remaining 
supernatant was added to GFP-trap (Chromotek) for 1h followed by centrifu- 
gation at 1,000g at 4°C for 3 min, and the supernatant was set aside as the flow 
through. Beads were washed three times with lysis buffer supplemented with 
protease inhibitors, and bound proteins were released from the beads by a 5-min 
incubation at 95°C in sample buffer. The total protein lysate, the flow through and 
the immunoprecipitation (IP) fraction were analysed by western blotting. 
Western blot analysis. Yeast proteins were extracted by either NaOH or TCA 
protocol as previously described®*° and resolved on polyacrylamide gels, trans- 
ferred to nitrocellulose membrane blots, and probed with primary rabbit/mouse 
antibodies against HA (BioLegend, 901502), GFP (Abcam ab290), RFP (Abcam 
ab62341), histone H3 (Abcam ab1791), actin (Abcam ab8224), Sec65 (kindly 
provided by P. Walter) or Sec61 (kindly provided by M. Seedorf). The membranes 
were then probed with a secondary goat-anti-rabbit/mouse antibody conjugated 
to IRDye800 or to IRDye680 (LI-COR Biosciences). Membranes were scanned 
for infrared signal using the Odyssey Imaging System. Images were transferred to 
Adobe Photoshop CS6 for slight adjustments to contrast and brightness. 
Metabolic labelling. Newly synthesized yeast proteins were radioactively labelled 
in vivo by a 7-10 min pulse with [*°S] methionine at either 30°C or 37°C. Labelling 
was stopped by adding to the cells ice-cold TCA to a final concentration of 10%. 
Cells were then lysed and proteins were immunoprecipitated as previously 
described** with antibodies against RFP (Abcam, ab62341), HA (BioLegend, 
901502), Kar2 (kindly provided by P. Walter) or CPY (Abcam, ab113685). Protease 
inhibitors (complete EDTA-free cocktail; Roche) were used throughout the 
extraction and immunoprecipitation process. Immunoprecipitated samples were 
resolved on polyacrylamide gels, which were then exposed to Phosphor Screen 
(GE Life Sciences) and scanned by phosphorimager. Translocation efficiency was 


calculated as . The statistical significance of 


ER form ER form 
total protein mitent total protein WT 


differences was measured using two-tailed student t-test with unequal variance, 
as indicated in the figure legends. For the Tetp-repression experiments, doxycycline 
(Sigma-Aldrich) was added to the overnight culture and to the back-dilution 
medium at a final concentration of 15,.g/ml. 

Proximity-specific ribosome profiling. The ribosomal subunits RPL16a/b were 
conjugated to AVI-tag (biotin acceptor peptide), and Sec63 was conjugated to 
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BirA (biotin ligase), allowing the specific biotinylation and streptavidin pull-down 
of ribosomes in close physical proximity to the ER membrane. By comparing 
the ribosomal footprints obtained from the total ribosome fraction and the 
streptavidin-pulled fraction, we measured ER-localized translation enrichment. 
Biotin induction was carried out at mid-logarithmic growth phase in the presence 
of cycloheximide, which was added to the medium 2 min before the addition of 
biotin, at a final concentration of 100\1g/ml. To induce biotinylation, p-biotin 
was added to the medium to a final concentration of 10nM and biotinylation 
was allowed to proceed for 2 min at the same temperature as growth. Cells were 
harvested by filtration onto 0.45 1m pore size nitrocellulose filters (Whatman), 
scraped from the membrane, and immediately submerged in liquid nitrogen. The 
following steps of monosome isolation, streptavidin pulldown of biotinylated 
ribosomes, and library generation were done as previously described”. 
Ribosome profiling computational analysis. Footprint sequence. Sequencing 
reads were demultiplexed and stripped of 3’ cloning adapters using in-house 
scripts. Reads were mapped sequentially to Bowtie indices composed of rRNAs, 
tRNAs, and finally all chromosomes using Bowtie 1.1.0. Only uniquely-mapped, 
zero-mismatch reads from the final genomic alignment were used for subsequent 
analyses. These alignments were assigned a specific P-site nucleotide using a 15-nt 
offset from the 3’ end of reads. 

Gene enrichments. Gene-level enrichments were computed by taking the log, ratio 
of biotinylated footprint density (reads per million) within a gene coding sequence 
(CDS) over the corresponding density of matched input ribosome-profiling 
experiment. Yeast genes were excluded from all analysis if they met any of the 
following criteria: had fewer than 100 CDS-mapping footprints in the input sample 
of a particular experiment; were annotated as ‘dubious’ in the SGD database; 
mapped to the mitochondrial chromosome. Additionally, regions in which a CDS 
overlapped another same-strand CDS were excluded from enrichment calculations. 
TMD classifications. TMD positions were predicted using the Phobius algorithm. 
TMD classification was divided based on the start site of the first predicted TMD: 
N-terminal TMDs start in the first 95 amino acids of the protein; downstream 
TMDs start after the first 95 amino acids of the protein. 

SND-dependent genes. Genes that were dependent on SND components were iden- 
tified by comparing the Sec63-BirA ER enrichment in a wild-type strain (yJW1784) 
with that in a Asnd strain (yJW1811, y)W1812, or yJW1813) as previously 
described”. Briefly, log, enrichments were separately normalized by subtracting 
the mean enrichment and dividing by the standard deviation of enrichments for 
the corresponding experiment. Genes were then binned by the minimum number 
of sequencing counts in either wild-type or Asnd input sample, and the difference 
between normalized enrichments was compared within each bin. Enriched genes 
were defined as those genes whose Asnd log, enrichments were greater than 0.3 
and whose enrichments increased in the Asnd sample by at least two standard 
deviations compared to other genes in that bin. Depleted genes were defined as 
those genes whose wild type log, enrichments were greater than 0.3 and whose 
enrichments decreased in the Asnd sample by at least two standard deviations 
compared to other genes in that bin. Significant depletion of 10-23%, 9-42% and 
14-45% was observed in Asnd1, Asnd2 and Asnd3, respectively. Including or 
excluding SS-bearing proteins had no effect on this trend. Mitochondrial proteins 
were excluded from the analysis. 

Immunoprecipitation followed by mass spectrometry. Lysates for immuno- 
precipitations were prepared from yeast that expressed GFP-tagged SND genes 
or a constitutively expressed GFP-negative control, in mid-logarithmic growth 
grown in YPD reach medium. Cells were harvested, washed in distilled water, 
and resuspended in lysis buffer (50mM Tris HCl pH 7, 150 mM NaCl) supple- 
mented with protease inhibitors (complete EDTA-free cocktail; Roche) and frozen 
in a drop-by-drop fashion in liquid nitrogen. Frozen cells were then pulverized 
in a ball mill (1 min at 30 Hz; Retsch) and thawed with nutation. Samples were 
thawed in 1 ml lysis buffer supplemented with protease inhibitors and 1% digitonin 
(Sigma Aldrich) at 4°C for 1h. All samples were then clarified by centrifugation 
at 14,000g at 4°C for 15 min. The remaining supernatant was added to GFP-trap 
(Chromotek) for 1h followed by three washes with lysis buffer supplemented with 
protease inhibitors and 1% digitonin. Bound proteins were released from the beads 
by a 5-min acidic treatment (0.2 M glycine pH 2.5), which was neutralized with 
1M Tris pH 9.4. The eluted proteins were digested with 0.4 1g sequencing grade 
trypsin for 2h in the presence of 100,11 of 2M urea, 50mM Tris HCl pH 7.5 and 
1mM DTT. The resulting peptides were acidified with trifluoroacetic acid (TFA) 
and purified on C18 StageTips. LC-MS/MS analysis was performed on an EASY- 
nLC1000 UHPLC (Thermo Scientific) coupled to a Q-Exactive mass spectrometer 
(Thermo Scientific). Peptides were loaded onto the column with buffer A (0.5% 
acetic acid) and separated on a 50-cm PepMap column (751m i.d., 2j1m beads; 
Dionex) using a 4-h gradient of 5-30% buffer B (80% acetonitrile, 0.5% acetic acid). 
Interactors were extracted by comparing the protein intensities to a GFP control. 
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Blue native gel electrophoresis. Yeast microsomes were extracted from the ADHp- 
SND2-GFP/SND3-HA strain as described*”, In brief, spheroplasts of yeast were 
lysed by dounce homogenization (25 strokes) in lysis buffer (0.1 M sorbitol, 20mM 
HEPES pH 7.4, 50 mM potassium acetate, 2mM EDTA, 1mM DTT, 1mM PMSF) 
at 4°C. The lysates were centrifuged at 1,000g and the resulting supernatant at 
27,000g for 10 min at 4°C. The crude membrane pellet was re-suspended in lysis 
buffer and layered onto a discontinuous sucrose density gradient consisting of 1.2 
and 1.5M sucrose. Following centrifugation at 100,000g for 60 min at 4°C, the 
membranes at the 1.2-1.5 M sucrose interface were collected and washed twice in 
lysis buffer. The membrane pellets were re-suspended in membrane storage buffer 
(50mM NaCl, 0.32 M sucrose, 20mM HEPES pH 7.4, 2mM EDTA containing 
protease inhibitors) and the protein concentration determined by a standard 
Bradford assay. 

Microsomes were solubilized in ComplexioLyte 48 buffer (1 mg/ml, 

Logopharm) for 30 min at 4°C**. Solubilized extracts were centrifuged at 100,000g 
for 30 min at 4°C, supplemented with glycerol (5%) and coomassie G-250 (0.3%) 
and loaded on a 3.5-15% linear native polyacrylamide gel. The BN-PAGE gel was 
prepared as described*’. The gel buffer contained 25 mM imidazole and 500 mM 
6-aminohexanoic acid. The cathode chamber was first filled with cathode buffer 
B (50mM Tricine, 7.5 mM imidazole and 0.02% coomassie) and subsequently 
replaced by cathode buffer B/10 (containing 0.002% coomassie) after the gel 
running front had covered a third of the desired distance of electrophoresis. The 
anode chamber was filled with 25 mM imidazole pH 7.0. A high-molecular- 
weight calibration kit for native electrophoresis from GE Healthcare was used as a 
standard. For 2D BN-PAGE, the excised lanes were equilibrated in 2D-dissociation 
buffer (60 mM Tris/HCl pH 6.8, 10% glycerol, 2% SDS, 5% v/v 8-mercaptoethanol, 
6M urea) before separation on the second dimension by SDS-PAGE. After 
electro-blotting, the nitrocellulose membrane was detected with the indicated 
antibodies. 
Analysis of human cells. The HEK293 cell line used was obtained from DSMZ 
(no. ACC 305). DSMZ supplied verification of authentication of the cells, tested by 
DSMZ via short tandem repeat loci (STR profile). The cell line is routinely tested 
for mycoplasma contamination. This cell line was chosen as it is routinely used 
for fractionation experiments. 

Rough microsomes from human cells were prepared as described*”. Briefly, 
30 x 10° HEK293 cells were harvested and washed once with PBS and twice with 
buffer 1 (50 mM HEPES/KOH pH 7.5; 0.25 M sucrose; 50 mM KOAc; 6mM 
MgOAc; 4mM PMSF; 1mM EDTA; 1mM DTT; 0.1 mg/ml cycloheximide; 
0.3 U/ml RNAsin (Promega); protease inhibitor cocktail). After homogenization 
in buffer 1 using a glass/Teflon homogenizer, the suspension was centrifuged at 
1,000g for 10 min. The supernatant was centrifuged at 10,000g for 10 min. The 
new supernatant was layered onto 0.6 M sucrose in buffer 2 (50mM HEPES/KOH 
pH 7.5, 0.6M sucrose, 100 mM KOAc, 5mM MgOAc, 4mM DTT, 0.1 mg/ml 
cycloheximide, 40 U/ml RNAsin) and centrifuged at 230,000g for 90 min. The 
resulting membrane pellet was previously shown to comprise rough ER. Here, 
it was resuspended in buffer 2 and adjusted to 2.3 M sucrose, which was overlaid 
with 1.9 and 0M sucrose, respectively, in buffer 2. After flotation at 100,000g for 
18h, the interphase between 0 and 1.9M sucrose, two fractions of the remaining 
supernatant, and the pellet were collected. After centrifugation of the interphase 


at 100,000g for 1h, the membrane pellet corresponded to purified rough ER. All 
steps after the first washing step were carried out on ice. 

Western blot analyses employed antibodies against 3-actin (Sigma), CAML 

(Synaptic Systems SA7679), or rabbit antibodies that were raised against the 
depicted proteins: the C-terminal peptide of hSnd2 (KRQRRQERRQMKRL) plus 
an N-terminal cysteine; or an internal peptide of SRa (KKFEDSEKAKKPVR) plus 
a C-terminal cysteine, cross-linked to KLH. The SRa and 6-actin antibodies were 
visualized using ECL Plex goat-anti-rabbit IgG-Cy5-conjugate or ECL Plex goat- 
anti-mouse IgG-Cy3-conjugate (GE Healthcare) and the Typhoon-Trio imaging 
system (GE Healthcare) in combination with Image Quant TL software 7.0 (GE 
Healthcare). The hSnd2 and CAML antibodies were visualized using secondary 
peroxidase (POD)-coupled anti-rabbit antibody (Sigma) plus ECL (GE Healthcare) 
and the Fusion SL luminescence-imaging system (Peqlab) in combination with 
Image Quant TL software 7.0. 
Data availability. Ribosome-profiling data have been deposited in Gene 
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Extended Data Figure 1 | See next page for caption. 
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Extended Data Figure 1 | The SND proteins mediate SRP-independent 
targeting. a, Fluorescent micrographs of RFP-Gas1 confirm that it 

is not mislocalized when components of SRP, SRP receptor or NAC 

are compromised (control image can be found in Fig. 1b). Scale bars 
throughout figure, 5 j1m. Images throughout figure are representative of 
about 300 cells captured per strain. b, SND mutants accumulate RFP- 
Gas] in inclusions. Fluorescent micrographs confirm that accumulations 
of RFP-Gas1 in Asnd strains colocalize with the cytosolic inclusion 
marker VHL-GEP. c, SND deletions do not have a non-specific effect 

on translation, targeting or translocation. A fluorescently tagged SRP 
substrate (Hxt2-GFP) was mislocalized only in the temperature-sensitive 
strain sec65-1 when grown at the restrictive temperature of 37 °C (under 
these conditions the cells lack functional SRP). SND-deleted strains display 
normal cell surface localization of Hxt2. d, Schematic representation of 
the structural elements and topology predictions of Snd1 (top), Snd2 


(middle) and Snd3 (bottom). Numbers indicate the number of amino 
acids in the proteins. e, RFP-Gas] is correctly localized in all GFP-tagged 
SND proteins, indicating that the tag does not disrupt their function and 
endogenous localization. f, A mammalian orthologue of Snd2 (hSnd2) is 
present in canine pancreatic rough microsomes, which are routinely used 
as a source of mammalian ER proteins, as seen by immunoblotting with 
an antibody (data not shown) against hSnd2 that was shown to be specific 
by siRNA-mediated gene silencing. g, Endogenous hSnd2? is localized to 
human rough ER. HEK293 cells were homogenized and subfractionated 
into various pellet (P) and supernatant (S) fractions. Fractions were 
analysed by SDS-PAGE and immunoblotting. hSnd2 co-fractionated with 
the rough ER markers Grp170 and Sec62 and the ribosomal protein uS3 
but not with the nuclear and cytosolic proteins p68 and GAPDH. The 
areas of interest of luminescence images from a single western blot are 
shown. For gel source images see Supplementary Fig. 1. 
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Extended Data Figure 2 | See next page for caption. 
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Extended Data Figure 2 | The SND proteins function in a joint targeting 
pathway. a, Snd2 and Snd3 form a complex with the Sec61 translocon, 

as shown by BN-PAGE followed by second-dimension SDS-PAGE. 
Densitometry quantification revealed that Sec61 migrates in four distinct 
complexes as well as a monomer. Snd2 and Snd3 reside together in two 
of these complexes, one approximately 669 kDa and a second with a 
higher molecular mass. We postulate that the two Sec61-SND complexes 
may differ in size depending on the presence of additional auxiliary 
components. For gel source images see Supplementary Fig. 1. 

b, Fluorescent micrographs showing that Snd2 is mislocalized upon 
deletion of SND3 and Snd3 is mislocalized upon deletion of SND1, 
suggesting functional dependence among the three proteins. Scale bars 
throughout figure, 51m. Images throughout figure are representative 


of around 300 cells captured per strain. c, Growth rates reveal genetic 
interactions among the SND genes. Heterozygous diploids of Asnd were 
sporulated and tetrad-dissected to retrieve haploids. Tetrads obtained 
demonstrate an epistatic interaction between SND1 and SND2 mutations, 
and a synthetic sick interaction between SND3 and the SND 1/2 mutations. 
As SND3 is more than an order of magnitude more abundant than 

SND 1/2, it is possible that this interaction is due to an independent 
cellular function. d, Fluorescent micrographs of RFP-Gas] in single and 
double SND mutants show that the mutations are epistatic to each other 
in terms of their effect on targeting. e, Quantification of the RFP-Gas1 
mislocalization phenotype in SND single and double mutants (Extended 
Data Fig. 2d) reveals a buffering epistatic interaction between SND genes 
(100 cells were counted per strain). 
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Extended Data Figure 3 | Substrate affinity to a targeting pathway 
depends on the position of its transmembrane domain. Quantification 
of the mislocalization phenotype in Fig. 2f, g confirms that re-positioning 
of a substrate’s TMD can alter its dependence on the different targeting 
pathways. 
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Extended Data Figure 4 | Compensation for loss of SRP by the SNDs 

is not due to alteration in protein levels. a, Overexpression of SND 
genes does not affect SRP levels. SND genes were overexpressed by 
growth on galactose in 30°C, and levels of Sec65 protein were measured 
by western blotting and normalized to a histone H3 loading control. No 
apparent change in sec65-1 levels was detected, implying that the rescue 
observed in Fig. 3b-d is not due to increased SRP levels (data shown 

as mean + s.e.m., n = 3, no statistically significant difference was seen 
between the samples, biological replicates). b, Levels of SND proteins do 
not change in SRP-depleted cells. SND proteins were C-terminally tagged 
on the sec65-1 background, and their levels were measured by western 
blotting when grown at either permissive or restrictive temperatures 
(30°C and 37°C, respectively), and normalized to an actin loading control. 
No apparent change in Snd1 or Snd3 levels was observed. Snd2 levels 
were below detection threshold (data not shown). c, Pulse radioactive 
metabolic labelling followed by DHCaF immunoprecipitation was used to 
measure the translocation rate of DHCaF. SND2 overexpression induced 
significantly higher translocation when compared to its repression by 
glucose, regardless of the functional state of sec65-1. Data shown as 

mean +s.e.m. **P < 0.01, ***P < 0.001, by two-tailed Student’s t-test, 
n= 3, biological replicates. For all gel source images see Supplementary 
Fig. 1. 
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Extended Data Figure 5 | See next page for caption. 
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Extended Data Figure 5 | The GET and SND pathways are partially 
redundant. a, Repression of SND genes is epistatic with SEC72 deletion 
and synthetic sick with GET3 deletion. Growth rates of strains with the 
SND genes expressed under the regulation of a repressible Tet-promoter 
when grown on tetracycline. The growth rate of Asec72 Tetp-SNDs 
conditional double mutants is identical to that of the control strain, 
indicating that these mutations are epistatic. The Aget3 Tetp-SNDs 
conditional double mutants are sick, but viable. b, Double deletion of 
SND2 and GET3 is lethal. Heterozygous diploids of Asnd2 and Aget3 
were sporulated and tetrad-dissected to retrieve haploids. Tetrads 
obtained demonstrate a synthetic lethal interaction between SND2 and 
GET3. c, RFP-Gas1 translocation is moderately affected by SND single 
deletions. Pulse radioactive metabolic labelling followed by RFP-Gas1 


immunoprecipitation was used to measure RFP-Gas1 translocation rates. 


Percentage of glycosylated ER and Golgi forms (indicated by two black 
lines) was reduced to 5% in Asec72 mutants, while in Asnd1, Asnd2 and 
Asnd3 strains it was reduced to 85%, 88% and 79%, respectively (data 
shown as mean (s.e.m.), 1 = 3, biological replicates). All strains in this 
assay were attenuated for degradation with the scll-DAmP proteasome 
hypomorphic allele. d, Pulse radioactive metabolic labelling followed 


by RFP-Gas1 immunoprecipitation was performed in the presence 

and absence of the glycosylation inhibitor tunicamycin, allowing the 
identification of three forms of RFP-Gas1: cytosolic, ER and Golgi 
(mature). e, CPY targeting is not affected by double mutants of the SND 
and GET pathways. The same methodology as in c was used to follow the 
signal sequence (SS)-containing protein CPY in the conditional SND2/ 
GET3 double mutant. A mild decrease in the glycosylated forms was 
observed in the SND2 single mutant, but there was no translocation defect 
in the GET3 single mutant or in the conditional double mutant. This 
result was repeated in three independent biological replicates. f, CPY was 
metabolically labelled in a control strain and a partially translocated pool 
was visualized with a ladder to provide a size reference to e. g, The same 
methodology as in c was used to measure the translocation rate of the SRP- 
dependent substrate DHCaF. In the temperature-sensitive strain sec65-1, 
at the restrictive temperature (37 °C), there was no translocated substrate. 
The translocation efficiency of the Asnd1 strain was comparable to that of 
the wild-type control; in the Asnd2 and Asnd3 strains it was significantly 
higher (~160% glycosylated protein compared to the wild-type control). 
Data shown as mean (s.e.m.), 1 = 3, biological replicates. For all gel source 
images see Supplementary Fig. 1. 
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Multiple dynamin family members collaborate to 
drive mitochondrial division 


Jason E. Lee!, Laura M. Westrate!, Haoxi Wu', Cynthia Page! & Gia K. Voeltz! 


Mitochondria cannot be generated de novo; they must grow, 
replicate their genome, and divide in order to be inherited by 
each daughter cell during mitosis. Mitochondrial division is a 
structural challenge that requires the substantial remodelling of 
membrane morphology! °. Although division factors differ across 
organisms, the need for multiple constriction steps and a dynamin- 
related protein (Drp1, Dnm1 in yeast) has been conserved*®. In 
mammalian cells, mitochondrial division has been shown to proceed 
with at least two sequential constriction steps: the endoplasmic 
reticulum and actin must first collaborate to generate constrictions 
suitable for Drp1 assembly on the mitochondrial outer membrane; 
Drp1 then further constricts membranes until mitochondrial fission 
occurs””~». In vitro experiments, however, indicate that Drp1 does 
not have the dynamic range to complete membrane fission’. In 
contrast to Drp1, the neuron-specific classical dynamin dynamin-1 
(Dyn1) has been shown to assemble on narrower lipid profiles and 
facilitate spontaneous membrane fission upon GTP hydrolysis!!! 
Here we report that the ubiquitously expressed classical dynamin-2 
(Dyn2) is a fundamental component of the mitochondrial division 
machinery. A combination of live-cell and electron microscopy in 
three different mammalian cell lines reveals that Dyn2 works in 
concert with Drp1 to orchestrate sequential constriction events 
that build up to division. Our work underscores the biophysical 
limitations of Drp1 and positions Dyn2, which has intrinsic 
membrane fission properties, at the final step of mitochondrial 
division. 

Mitochondria are organelles that are ancestrally related to a-proteo- 
bacterium that have been adapted by eukaryotic cells to execute a broad 
range of cellular functions, including ATP production and apoptosis®. 
The divergence of mitochondria in higher-order eukaryotes from those 
of primitive eukaryotes is marked by the loss of the FtsZ ring, a func- 
tional remnant of the bacterial cell-division machinery’. By contrast, 
the dynamin family of large GTPases, which regulates membrane 
dynamics in all eukaryotes, expanded to accommodate the growing 
demands of more complex organisms’. For example, mitochondria 
in mammalian cells have a set of dynamin-related proteins that regulate 
mitochondrial dynamics: Drp1 for fission, and mitofusins (Mfn1/2) 
and optic atrophy-1 (Opal) for fusion!’. Despite an apparent drive 
towards the specialization of dynamins, the classical Dyn2 in mamma- 
lian cells (best known for its role in driving endocytosis at the plasma 
membrane) is more promiscuous, facilitating membrane fission events 
at multiple organelles and mediating the final stages of cytokinesis’. 
We therefore explored the possibility that Dyn2 could have a role in 
mitochondrial dynamics. 

The depletion of Drp1 halts mitochondrial division and shifts 
dynamics towards fusion, resulting in an elongated, hyper-fused 
mitochondrial network". To investigate whether similar results would 
be observed on Dyn2 depletion, monkey COS-7 and human HeLa 
cells were treated with small interfering RNAs (siRNAs) targeted to 
Dyn2 and compared to scrambled siRNA-treated (control) and Drp1 
siRNA-treated cells (Fig. la and Extended Data Fig. 1, respectively). 


Dyn2-depleted cells displayed a hyper-fused mitochondrial network 
that was similar to mitochondria in Drp1-depleted cells (Fig. la—c). 
Dyn2 depletion did not affect the steady-state levels of other fission and 
fusion factors, including Drp1, Mff, Opal and Mfn2 (Extended Data 
Fig. 1d). To test whether mitochondrial elongation was a secondary 
effect of blocking clathrin-mediated endocytosis, we depleted the clathrin 
adaptor protein AP-2 (ref. 13). AP-2-depleted cells displayed normal mito- 
chondrial morphology (Extended Data Fig. 2). Thus, the mitochondrial 
phenotype induced by Dyn2 depletion is not a consequence of inhibiting 
endocytosis. Alternatively, an endocytosis blockade could deplete cell 
nutrients. To test this, we measured whether Dyn2 depletion triggers 
starvation-induced phosphorylation of Drp1 at Ser637 of Drp1 (ref. 15). 
Dyn2 depletion slightly decreases phosphorylation at this inhibitory 
site, suggesting that it does not phenocopy the effects of starvation 
(Extended Data Fig. 3a). We did measure a reduction in mitosis- 
induced phosphorylation at the activating Ser616 of Drp1 (ref.16); how- 
ever, this could be due to a Dyn2-dependent mitotic block!” (Extended 
Data Fig. 3b). Overall, these data are consistent with a direct role for 
Dynz2 in mitochondrial fission. 

There are structural differences between Dyn2 and Drp! that trans- 
late into functional differences between the two proteins'*!°, Dyn2 
has a Pleckstrin homology (PH) domain that is important for mem- 
brane insertion and a proline-rich domain (PRD) that is responsible 
for localization (Fig. 1d). Drp1 lacks both of these domains, instead 
requiring a variable domain to interact with adaptors (such as Mff) that 
are responsible for recruiting Drp1 to mitochondria’’. To gain mecha- 
nistic insight into the relationship between Dyn2 and mitochondria, we 
tested wild-type Dyn2, the GTP-binding-defective Dyn2(K44A), the 
PH-domain-deleted Dyn2(APH), and the PRD-deleted Dyn2(APRD) 
variants for their ability to rescue mitochondrial morphology following 
Dyn2 depletion. Simultaneous depletion of endogenous Dyn2 with 
the unabated expression of exogenous siRNA-resistant Dyn2-mNeon 
fusion proteins was verified by immunoblot analysis (Fig. le). Control 
cells, expressing both endogenous Dyn2 and exogenous wild-type 
Dyn2-mNeon, displayed normal mitochondrial morphology. By con- 
trast, Dyn2-siRNA-treated cells expressing mNeon alone were depleted 
of Dyn2, predominantly displaying long mitochondria. Expression of 
exogenous wild-type Dyn2, but not Dyn2(K44A), Dyn2(APH) or 
Dyn2(APRD), was sufficient to reverse the elongated mitochondria 
phenotype that was induced by depletion of Dyn2. (Fig. 1f, g). Thus, the 
classical Dyn2 features GTP binding, recruitment, and lipid association, 
which are essential for Dyn2 functions at other organelles’, are also 
required for mitochondrial division. 

We next performed live-cell imaging of Dyn2 to observe whether 
Dyn2 is recruited to Drp1-marked mitochondrial constrictions des- 
tined for division, since classical Dyn1 assembles on narrow tubules 
to drive their constriction and vesiculation in vitro'!!. Dyn2 was 
observed at Drp1-marked mitochondrial division events in human 
skin melanoma cells (Sk-Mel2) genetically edited to express Dyn2-GFP 
under its endogenous promoter, and in Cercopithecus aethiops COS-7 
and Potorous tridactylus PtK1 cells overexpressing Dyn2-mNeon 
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Figure 1 | Dyn2 is required for mitochondrial division. a, Representative 
images of blue fluorescent protein-labelled mitochondria (mito-BFP) 
COS-7 cells treated with scrambled siRNA (n= 42 cells), Drp1 siRNA 

(n =42) and Dyn2 siRNA (n =43). b, Immunoblot of Drp1, Dyn2, and 
GAPDH in cells treated with the indicated siRNA. c, Mitochondrial 
morphology was quantified for mean mitochondrial area per 
mitochondrion and mean mitochondria per region of interest (ROI). 

d, The domain organization of Dyn2. e, Immunoblot of endogenous 

and exogenous dynamin-expression levels in rescue experiments. 

GED, dynamin GTPase effector domain. f, Representative images of 
mitochondrial import receptor subunit TOM20 immunofluorescence in 
cells transfected with scrambled siRNA and wild-type (WT) Dyn2-mNeon 
(n=40 cells), Dyn2 siRNA and N1-mNeon (n= 40), Dyn2 siRNA and WT 
(n=45), Dyn2 siRNA and Dyn2(K44A)-mNeon (n= 40), Dyn2 siRNA 
and Dyn2(APH)-mNeon (n= 44), Dyn2 siRNA Dyn2(APRD)-mNeon 
(n=41). g, Mitochondrial morphology was assessed as in c. Error bars 
represent s.e.m.; *P < 0.01 statistical significance calculated by ANOVA 
and obtained from three biological replicates. Scale bars, 10 1m (a, f). 


(Fig. 2a, c, Extended Data Fig. 4a and Supplementary Videos 1-3). 
PtK1] cells are advantageous here as they lie flatter than Sk-Mel2 cells 
and their mitochondria divide more frequently than those in COS-7 
cells. Thus, PtK1 cells were used to characterize the dynamics of Dyn2 
and the mitochondrial division factors Mffand Drp1 during division 
(Fig. 2c-g and Extended Data Fig. 4d-f). Dyn2 puncta were observed 
at 80.8% of Drp1-marked mitochondrial division events (1 = 26 events 
from 254 cells; Fig. 2f). Additionally, Drp1 puncta were present at the 
division site for a longer period of time than Dyn2 puncta, both before 
(Drp1, 52.33 +7.14s; Dyn2, 27 +5.07s) and after (Drp1, 56.67 +7.83 s; 
Dynz2, 31.67 +4.52s) fission (Fig. 2g). The pre-fission lifetimes of Dyn2 
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puncta at mitochondria (Fig. 2g) are similar to those reported for Dyn2 
during clathrin-mediated endocytosis at the cell surface in genome- 
edited cell lines (16-32 s) (ref. 20), suggesting that similar mechanisms 
of Dyn2-mediated membrane scission occur at both organelles. 

A comparison of Drp1 and Dyn2 dynamics leading up to, during and 
following mitochondrial division uncovers differences in behaviour 
between the two dynamins. Drp1 puncta accumulate at mitochon- 
drial constrictions regardless of whether they are about to undergo 
fission or not, whereas Dyn2 puncta are rarely found on mitochon- 
dria and appear to be recruited transiently, just before division. Upon 
division, Drp1 puncta split to maintain association with each newly 
created daughter mitochondrion. As would be expected for a Drp1 
adaptor, Mff puncta mirror the behaviour of Drp1 puncta during divi- 
sion (Extended Data Fig. 4c—-e). Conversely, Dyn2 puncta segregate 
to only one of the daughter mitochondria after division (Fig. 2f, g). 
The differences in puncta dynamics between Drp1 and Dyn2 display 
a strong resemblance to the division machineries that collaborate to 
drive organelle division in the alga Cyanidioschyzon merolae. C. merolae 
relies on sequential constriction events, first mediated by the FtsZ-ring 
machinery, then by an organelle-specific dynamin, the Drp1-related 
Dnm1 and the Dyn2-related Dnm2, to divide mitochondria and chlo- 
roplasts, respectively?’”*. The behaviour of FtsZ-ring puncta mirrors 
mammalian Drp1 puncta dynamics during mitochondrial division, 
whereas the puncta of C. merolae dynamins act in a similar way to 
mammalian Dyn2 puncta*)”*. Taken together, these data support a 
direct role for Dyn2 in mitochondrial division, downstream of Drp1 
constriction. 

Dyn2 puncta appear at Drp1-marked mitochondrial constriction 
sites just before division, which suggests that Dyn2 functions down- 
stream of Drpl1. To test this further, we evaluated the occupancy of 
Drp1 puncta along mitochondria (puncta jum ~*). The percentage of 
mitochondria-associated Drp1 puncta was not significantly different 
between control and Dyn2-depleted cells (Fig. 3a). The endoplasmic- 
reticulum-labelled (via GFP-Sec618) mitochondrial constrictions have 
been identified as a pre-Drp1 step because these constrictions formed 
in the absence of Drp1°. We could also qualitatively observe that Drp1 
puncta still localize to endoplasmic-reticulum-labelled mitochondrial 
constrictions in Dyn2-depleted cells (Fig. 3b, c). Taken together, these 
data further support a role for Dyn2 in mitochondrial division that is 
downstream of Drp1 recruitment. 

We envisioned that the division process in Dyn2-depleted cells 
would fail at a step after Drp1 recruitment, possibly leading to the 
accumulation of Drp1-marked stalled ‘super-constrictions’ that are 
unable to divide. To investigate this, we activated mitochondrial divi- 
sion in control and Dyn2-depleted cells by acute addition of the Ca? 
chelator, BAPTA, which has been previously used to induce Drp1- 
dependent division®. In control cells, treatment with BAPTA induced 
Drp1-marked mitochondrial division, with Drp1 puncta splitting to 
maintain association with each daughter mitochondrion (Fig. 3d and 
Supplementary Video 4). By contrast, BAPTA-treated Dyn2-depleted 
cells displayed Drp1-labeled constrictions that appeared destined for 
mitochondrial division but that failed to divide. Line-scan analysis 
of these dynamic events identified a novel post-Drp1 intermediate 
‘super-constriction, characterized as the transient splitting of Drp1 
puncta coupled with a coincidental increase in the length of a constric- 
tion along the longitudinal axis (Fig. 3e and Supplementary Video 5). 
These data reveal the existence of a transient post-Drp1 super- 
constriction step that occurs between Drp1 constriction and membrane 
fission and requires Dyn2 to proceed. 

Compelling in vitro experiments highlight the mechanical differ- 
ences between Drp1 and classical dynamins”!®!!. Drp1 constricted 
liposomes to 31 + 5nm, whereas Dyn1 was shown to assemble on lipid 
tubules with a diameter of 52 + 4nm, inducing fission of the tubules 
upon GTP hydrolysis”'°. Additionally, super-resolution live-cell imag- 
ing studies have identified mitochondrial division intermediates as con- 
strictions with extended length measurements (102 + 16 nm); however, 
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Figure 2 | Dynamics of Dyn2 recruitment during 
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Drp1 was not captured in these studies”’. Our live-cell studies have 
seemingly captured and stalled Drp1-marked division intermediates 
through the depletion of Dyn2 under division-promoting conditions— 
an event characterized as the transient splitting of Drp1 puncta that 
coincides with an increased constriction length (Fig. 3d, e). 

We next used electron microscopy and 3D tomography to obtain 
ultrastructural information about mitochondrial constrictions in 
Dyn2-depleted cells. Dual-tilt tomographs of control and Dyn2- 
siRNA-treated COS-7 cells were captured from 300-nm-thick sec- 
tions and reconstructed to allow for the precise measurement of the 
length and diameter of mitochondrial constrictions (Fig. 3f—h). We 
aimed to characterize mitochondrial constrictions with diameters that 
are suitable for Drp1 assembly (that is, <100nm) in scrambled- and 
Dyn2-siRNA-treated cells and could resolve four and ten mitochon- 
drial constrictions that fit this criteria, respectively. The constrictions 
in scrambled-siRNA-treated cells had a mean diameter of 77 +20nm 
and a mean length of 143 + 61 nm (Fig. 3g). By contrast, constric- 
tions in Dyn2-siRNA-treated cells were narrower (mean diameter 
of 55 + 12nm) and longer (mean length of 358 nm, with a minimum 
and maximum of 145 and 771 nm, respectively; Fig. 3h). Together, these 
data display stalled and elongated super-constrictions in Dyn2-depleted 
cells, with diameters that could be generated by Drp1 GTP hydroly- 
sis and are suitable for Dyn2 assembly”!™". Therefore, we propose 
a model of sequential constriction that includes multiple dynamins, 
whereby Drp1 constricts mitochondria to a diameter that is conducive 
for Dyn2 assembly, which then drives further membrane constriction 
and complete fission. 

Mitochondria have a critical role in apoptotic cell death'”. Cells 
treated with staurosporine (STS), a global kinase inhibitor that induces 
apoptosis, exhibit Drp1-dependent mitochondrial fragmentation, 
cytochrome c release from, and Bax recruitment to, mitochondria!*”4, 
Following STS treatment, we observed an increase in Drp1 localization 
to Mff-marked mitochondrial constrictions, as well as increased locali- 
zation of Dyn2 to Drp1-marked constrictions (Extended Data Fig. 5). 
Furthermore, control cells treated with STS exhibited fragmented 
mitochondria, whereas Drp1- and Dyn2-depleted cells maintained 
an elongated mitochondrial network after 1.5h of STS treatment 
(Fig. 4a, b). Immunofluorescence and fractionation studies of cells 
treated with STS for 1.5 and 5h showed that Drp1 or Dyn2 depletion 
delays the release of cytochrome c from mitochondria (Fig. 4c and 
Extended Data Fig. 6) and slows the recruitment of Bax to mitochondria 
(Fig. 4c), despite accelerating Bax activation (Extended Data Fig. 7). 
Thus, Dyn2 also plays a critical role in apoptosis-induced, Drp1- 
dependent mitochondrial fragmentation, supporting the hypothesis 
that Drp1 and Dyn2 are involved in the same mitochondrial pathway. 

Our results show that mitochondrial division is a Dyn2-dependent 
process, and highlight a conserved overlap of dynamins with roles 
at both mitochondria and plasma membrane. Previous studies in 
C. merolae and other organisms have suggested that mitochondrial 
dynamins in other organisms have a dual role, acting in both mito- 
chondrial division and endocytosis®*!°. Deletion of the only dynamin 
gene in Trypanosoma brucei caused defects in mitochondrial division, 
endocytosis and cytokinesis”. This versatility has been preserved 
in mammalian Dyn2, which has already been shown to function in 
endocytosis and cytokinesis!*!”, Dyn2 is recruited to endocytic sites 
by SH3-domain proteins and, once there, its affinity for both mem- 
brane curvature'!® and anionic phospholipids”, specifically phospho- 
inositide (4,5)-bisphosphate, accelerates its assembly into a functional 
fission machine. Adaptor proteins and lipid environments also play 
significant roles in mitochondrial dynamics””~*’. Future studies will be 
aimed at identifying the recruitment factors and mitochondrial lipid 
interactions of Dyn2. 

We propose that mammalian mitochondrial division has integrated 
several machineries that proceed in multiple constriction steps. 
First, endoplasmic-reticulum- and actin-driven constrictions permit 
Drp1 assembly; second, Drp1-mediated constriction facilitates Dyn2 
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Figure 4 | Dyn2 is required for STS-induced mitochondrial 
fragmentation. a, Representative images of TOM20 immunofluorescence 
in n=41, 42 scrambled siRNA cells; n = 45, 43 Drp1 siRNA; and n=45, 43 
Dyn2 siRNA without and with STS treatment, respectively. Scale 

bars, 101m. b, Mitochondrial morphology was quantified for mean 
mitochondrial area per mitochondrion, and mean mitochondria per ROI. 
Error bars represent s.e.m. *P < 0.01 by ANOVA, obtained from three 
biological replicates. c, Cytochrome c release and Bax recruitment were 
evaluated by immunoblot of cytosol (C) and membrane (M) fractions. 
a-Tubulin verified cytosolic fractions and TOM20 verified membrane 
fractions. d, Drp1 and Dyn2 depletion were confirmed by immunoblot of 
post-nuclear supernatants. 


assembly; and third, Dyn2-mediated constriction induces membrane 
fission to complete division. 


Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper. 
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METHODS 


No statistical methods were used to predetermine sample size. The experiments 
were not randomized and the investigators were not blinded to allocation during 
experiments and outcome assessment. 

DNA plasmids and small interfering RNA oligonucleotides. GFP-Sec618 
(ref. 8), mCherry-Drp1 isoform 3 (NM_005690)*, GEP-Mff (NM_020194)§ 
and Mito-BFP® were previously described. Dynamin-2 isoform 3 (NM_004945) 
was cloned from HeLa cDNA and inserted into the XholI/EcoRI sites of 
pAcGFP-N1 (Clontech) and pmNeonGreen-N1 to give Dyn2-GFP and Dyn2- 
mNeon, respectively. Site-directed mutagenesis was used to generate six silent 
mutations per siRNA seed region in Dyn2-mNeon, creating siRNA-resistant 
Dyn2-mNeon mRNA that translates wild-type Dyn2-mNeon. Subsequent site- 
directed mutagenesis reactions were performed to generate siRNA-resistant, 
dominant-negative Dyn2(K44A)-mNeon. The siRNA-resistant Dyn2(APH)- 
mNeon mutant was constructed by first, linearizing the siRNA-resistant Dyn2- 
mNeon by PCR with primers that exclude the PH-domain sequence, followed by 
Gibson assembly to circularize the construct. The siRNA-resistant Dyn2(APRD)- 
mNeon mutant was constructed by PCR amplification of siRNA-resistant Dyn2- 
mNeon with primers that exclude the C-terminal proline-rich domain, then 
digested with XhoI/KpnI and ligated into the mNeon-N1 vector. 

Oligonucleotides for Drp1 siRNA were synthesized by Qiagen (SI02661365) 

against the target sequence: 5‘-CAGGAGCCAGCTAGATATTAA-3’. 
A pool of two siRNAs was used to substantially deplete Dyn2. Two oligonu- 
cleotides for Dyn2 siRNA were synthesized by GE Healthcare Dharmacon 
against the two target sequences, Dyn2 siRNA#1 (J-004007-06-0005): 
5’-GAGCGAATCGTCACCACTT-3’ and Dyn2 siRNA#2 (J-004007-08-0005): 
5'-GAGCGAATCGTCACCACTT-3’. Silencer Negative Control #1 siRNA 
(AM4635) was synthesized by Ambion. Oligonucleotides for AP-2 siRNA against 
the target sequence: 5’-GAGCATGTGCACGCTGGCCAGCT-3’ were a gift from 
S. M. DiPietro. 
Cell culture, transfection, and drug treatment. Genome-edited Dyn2-GFP 
skin melanoma cells (Sk-Mel2/Dyn2-GFP) were a gift from D. G. Drubin. 
COS-7 cells (ATCC-CRL-1651), HeLa cells (ATCC-CCL-2), PtK1 cells (ATCC- 
CRL-6493) were verified by cytochrome c oxidase subunit I (CO1) interspecies 
assay and CCL-2 HeLa cells were further verified by short tandem repeat testing. 
Cell lines were tested for Mycoplasma contamination by ATCC at the time of 
purchase. Cells were grown in Dulbecco’s modified Eagle medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/strepto- 
mycin. COS-7, HeLa, and PtK1 cells were seeded on plastic-bottomed dishes at 
1x 10° cells ml~! about 16h before transfection, whereas Sk-Mel2 Dyn2-GFP cells 
were plated directly onto 35-mm glass-bottomed microscope dishes (Mattek) at 
0.5 x 10° cells ml! about 40h before transfection. Plasmid transfections were 
performed with 2.5 11 Lipofectamine 2000 or 3000 (Invitrogen) per ml OPTI- 
MEM media (Invitrogen) for around 5h, followed by splitting of COS-7, HeLa, 
and PtK1 cells to 35-mm glass-bottom microscope dishes (MatTek) at a density 
of 1 x 10°cells ml~!. Roughly 16-24h after transfection, cells were imaged in pre- 
warmed 37°C Fluorobrite DMEM (Invitrogen) supplemented with 10% FBS. For 
all experiments, the following amounts of DNA were transfected per ml: 150 ng 
GFP-Sec618; 40 ng mito-BFP (amino acids 1-22 of cytochrome c oxidase sub- 
unit IV from Saccharomyces cerevisiae fused to BFP); 40 ng mCherry-Drp1; 50 ng 
Dyn2-GFP variants; 25 ng Dyn2-mNeon; 40 ng GFP-Mff. RNAi transfections 
were performed as above, with an additional transfection step: cells were seeded 
as above and transfected with 2.511 Dharmafect (Dharmacon) and 40nM siRNA 
oligonucleotides, split 1:2 ~24h post-transfection, and re-transfected ~24h later 
with 511 Lipofectamine 2000, 40 nM siRNA oligonucleotides, and appropriate plas- 
mid DNA. For knockdown and rescue studies, COS-7 cells were transfected with 
Dyn2 siRNA to deplete endogenous Dyn2 mRNA. A second round of transfection 
was performed 2 days later with Dyn2 siRNA and DNA plasmids encoding mNeon 
alone or siRNA-resistant variants of Dyn2-mNeon. Simultaneous depletion of 
endogenous Dyn2 and unabated expression of exogenous siRNA-resistant Dyn2- 
mNeon variants was verified by immunoblot analysis. 

In BAPTA experiments, cells were treated with 10}.M BAPTA-AM 
(Calbiochem) in Fluorobrite DMEM during imaging at 37°C. In STS treatment 
experiments, cells were first treated with 751M of the caspase inhibitor z- VAD- 
fmk (BD Biosciences) for 4h followed by 11M staurosporine (Sigma-Aldrich) for 
1.5 or 5h, followed by fractionation or fixation with 4% paraformaldehyde, 0.5% 
glutaraldehyde in PBS in preparation for immunofluorescence. For fractionation 
experiments, cells were collected from 10-cm plates, washed with ice-cold PBS, 
and resuspended in 1 ml of isolation buffer (225mM mannitol, 75 mM sucrose, 
30mM Tris-HCl pH 7.4, 0.1mM EGTA). The plasma membrane was ruptured 
by Dounce homogenization. Cell lysates were spun at 600g for 5 min at 4°C to 
pellet and remove nuclei and debris. The post-nuclear supernatant (PNS) was 


collected and spun at 100,000 g to pellet membranes. The supernatant was collected 
and represented the cytosolic fraction. The pellet (membrane fraction) was resus- 
pended in solubilization buffer (50mM HEPES, 2.5mM MgCl2, 200 mM KCl, 5% 
glycerol, 1% Triton X-100). Cytosolic and membrane fractions were then treated 
with trichloroacetic acid (TCA) to precipitate proteins, which were then resus- 
pended in equal volumes of 2x Laemmli buffer. 

Protein levels in whole-cell lysates and cell fractions were assayed by western blot 
with polyclonal rabbit antibodies against Dyn2 (ab3457, Abcam), phospho-Ser637- 
Drp1 (4867S, Cell Signaling Tech), phospho-Ser616-Drp1 (3455S, Cell Signaling 
Tech), Mff(17090-1-AP, Protein Tech), Mfn2 clone 4H8 (WH0009927M3, Sigma- 
Aldrich), «-tubulin (ab18251, Abcam), TOM20 (sc-11415, Santa Cruz Biotech), 
Bax (sc-493, Santa Cruz Biotech), GAPDH (G9545, Sigma-Aldrich), and the mon- 
oclonal mouse antibody against AP-1/2 (sc-17771, Santa Cruz Biotech.), Drp1 
(ab56788, Abcam), dynamin (610245, BD Biosciences), cytochrome c (sc-13560, 
Santa Cruz Biotech) and Opal (612606, BD Biosciences). Immunofluorescence 
was accomplished using monoclonal antibodies against cytochrome c clone 6H2. 
B4 (129638, Cell Signaling Tech) and Bax6A7 (B8429, Sigma Aldrich), and the 
polyclonal rabbit antibody against TOM20 (sc-11415, Santa Cruz Biotech). 
Microscopy. Imaging was performed with an inverted fluorescence microscope 
(TE2000-U; Nikon) equipped with an electron-multiplying charge-coupled device 
camera (Cascade II; Photometrics) and a Yokogawa spinning-disc confocal system 
(CSU-Xm2; Nikon). Live-cell imaging was performed at 37°C. Images were cap- 
tured with a 100x NA 1.4 oil objective and acquired using MetaMorph (version 
7.0; MDS Analytical Technologies). 

Super-resolution microscopy (SIM) was performed with an inverted flu- 

orescence microscope (TI-E; Nikon) equipped with an electron-multiplying 
charge-coupled device camera (iXon3 897; Andor). z-stack images were captured 
every 200nm and reconstructed using NIS elements with SIM (Nikon). 
Analyses of mitochondrial morphology. COS-7 and HeLa cells were treated with 
siRNA to deplete targeted proteins, and then mitochondria were imaged either live 
with mito-BFP or fixed with immunofluorescence of polyclonal rabbit TOM20 
antibody (sc-11415, Santa Cruz Biotechnologies) probed with Alexa fluor 488 
donkey anti-rabbit antibody (A21206, Invitrogen). To ensure that mitochondria 
present through multiple planes of the cell could be assayed, z-stacks with a thick- 
ness of 2.4,1m were acquired of each cell, and consisted of 12 serial images that 
were each spaced by 0.2|1m. The morphology of mitochondria within a resolv- 
able 230 1m? ROI, which was peripheral to the microtubule-organizing centre, 
was assessed using various tools in ImageJ (National Institutes of Health). First, 
maximum intensity projections were generated from z-stacks followed by auto- 
mated 8-bit Otsu Thresholding. Lastly, thresholded images were evaluated using 
the ‘Analyze Particles’ function in ImageJ to obtain the number of mitochondrial 
fragments and the area of each fragment per ROI. 
Capturing mitochondrial division and analysing mitochondrial constrictions. 
Dynamic events and interactions, such as mitochondrial division and constric- 
tion, were imaged live with fluorescently tagged proteins. Time-lapse videos were 
acquired over the course of 2 min with each channel captured every 5s. Exposure 
times ranged between 200-300 ms in each channel. Dyn2-GFP, Dyn2-mNeon, 
GFP-Mff, mCherry-Drp1, and mito-BFP were imaged in mitochondrial division 
studies. Drp1-dependent fission events were resolvable when the splitting of a 
mitochondrion into two distinct mitochondria coincided with the splitting of a 
Drp1 punctum, which results in Drp1 puncta labelling the ends of each fission 
product. Division events were further verified by line-scan analysis using Image]. 
A segmented line was drawn along the length of the mitochondria, and then the 
fluorescence intensity of all channels was measured along the length of the line. 

COS-7 cells expressing GFP-Sec613, mCherry-Drp1, and mito-BFP were 
used to investigate mitochondrial constrictions. The diffuse cytosolic staining of 
Drp1 was threshold-adjusted from Drp1 puncta using the rolling-ball background 
subtraction method (radius, 8 pixels or 0.304mm)*”. Mitochondrial-associated 
Drp1 puncta were identified using the ‘Colocalization Highlighter’ ImageJ plugin, 
then counted using the ‘Analyze Particles’ function in ImageJ. The occupancy of 
Drp1 puncta along mitochondria (puncta jum 7) and the percentage of mito- 
chondria-associated Drp1 puncta were quantitated. Qualitatively, endoplasmic- 
reticulum-marked constrictions were analysed with line-scans that were 
performed in ImageJ. Endoplasmic-retiuclum-marked constrictions were identi- 
fied by acute decreases in mito-BFP fluorescence that coincided with GFP-Sec613 
and/or mCherry-Drp] fluorescence peaks. An additional criteria used to identify 
constrictions in time-lapse video was to observe whether the intersection of these 
two organellar markers was dynamically linked in movement. 

Mitochondrial-associated Drp1 puncta were identified using the ‘Colocalization 
Highlighter’ ImageJ plugin, then counted using the ‘Analyze Particles’ function 
in ImageJ. The occupancy of Drp1 puncta along mitochondria (puncta jm 7) 
and the percentage of mitochondria-associated Drp1 puncta were quantitated. 
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Qualitatively, endoplasmic-reticulum-marked constrictions were analysed with 
line scans that were performed in ImageJ. Endoplasmic-reticulum-marked 
constrictions were identified by acute decreases in mito—BFP fluorescence that 
coincided with GFP-Sec61 and/or mCherry-Drp1 fluorescence peaks. An addi- 
tional criteria used to identify constrictions in time-lapse video was to observe 
whether the intersection of these two organellar markers was dynamically linked 
in movement. 
Electron microscopy. Sapphire discs (3 mm x 0.05 mm, Swiss Micro Technology) 
were used as a platform to grow cells and were coated with carbon and over- 
laid with a gold finder pattern using EMS950X Turbo Evaporator (Electron 
Microscopy Sciences) as described previously*!. Discs were coated with poly- 
L-lysine (Sigma, 0.01% solution), air-dried then glow-discharged (EMITECH 
Ltd model K 100 Glow Discharge) and immobilized to the bottom of 35-mm 
tissue culture dishes with 1011 of poly-L-lysine that was allowed to dry before 
ultraviolet radiation. 

Cells were transfected with siRNA as described above and plated 
(1 x 10°cells ml~!) on sapphire discs 24h before freezing. Discs were removed 
from culture, swirled in a cryo-protectant medium (DMEM, 10% FBS, 150 mM 
mannitol, and 2% sucrose) and transferred to aluminium freezing planchettes 
(Wohlwend, Switzerland) that were coated with hexadecane (Sigma), then rapidly 
frozen using the Wohlwend Compact 02 high-pressure freezer. The frozen discs 
were kept in liquid nitrogen, then transferred into cryo-tubes (Nalgene-Nunc) for 
freeze-substitution in 1% osmium tetroxide, 0.1% uranyl acetate and 2% water in 
glass-distilled acetone (EMS). The tubes were then transferred to an aluminium 
block pre-chilled to —80°C and gradually warmed to —30°C overnight (~16h) 
in a —30°C freezer and then warmed to room temperature (around 4h). The 
samples were washed 3 times with acetone (glass-distilled; EMS). Following the 
3rd wash, discs were oriented cell side up and covered in 25% epon-araldite resin 
in acetone. Cells were gently infiltrated with increasing concentrations of epon- 
araldite resin (25% for 4h, 50% for 12-16h, 75% for 16h, and 100% for 24h). 
Finally, discs were changed into a solution of 100% epon-araldite plus accelerator 
(DMP-30) before being placed in mounting chambers and polymerized at 60°C 
for 48 h (refs 31,32). 
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Embedded cells were re-mounted onto resin stubs and sectioned at 70- or 300-nm 
thickness (thin section or tomography, respectively), then collected onto a 
formvar-coated slot grid and post-stained using 2% uranyl acetate in water (8 min) 
and Reynolds lead citrate (3 min) as described previously*!~*’. Fiducial markers 
(BB International) for tomography were added by placing both sides of grids ona 
drop of 15nm gold colloid solution. Cellular regions were selected and imaged with 
a Tecnai T12 Spirit 120kV for 70 nm sections. For tomography, 300-nm sections 
were imaged on the Tecnai TF30 300kV. Dual axis tilts 60° in increments of 1.5° 
were recorded around the orthogonal axes. Serial electron microscopy was 
used for image acquisition and each tilt series was reconstructed using the IMOD 
software***°, Tomographic reconstructions were modelled by manual contour 
tracing using IMOD and constriction length and width measurements were taken 
at the widest view of the constriction using slicer (IMOD) which allows for mani- 
pulation of the reconstruction in the x, y and z dimensions. 

Data availability. The source data for all gels and blots are provided as a 
Supplementary Figure in the online version of the paper. All other data that support 
the findings of this study are available from the authors upon reasonable request. 
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Extended Data Figure 1 | Dynamin-2 is required for mitochondrial 
division. a, Representative images of scrambled-, Drp1- or Dyn2-siRNA- 
transfected HeLa cells expressing mito-BFP. n= 36 cells for each siRNA 
treatment. Scale bars, 101m. b, Immunoblots with antibodies against 
Dyn2, Drp1, and GAPDH in cells treated with the indicated siRNA. 

c, The effect on mitochondrial morphology was quantified within 

a 230m? region of interest (ROI) for mean mitochondrial area per 


mitochondrion (left graph), and mean mitochondria per ROI (right graph). 


As in COS-7 cells, Drp1- or Dyn2-depleted cells had larger mitochondria 
and fewer mitochondria per ROI when compared to control cells. Data 
were obtained from three biological replicate experiments for each of 
scrambled siRNA, Drp1 siRNA and Dyn2 siRNA treatments. Error bars 
represent s.e.m.; *P < 0.01 by ANOVA. d, Immunoblot analyses were 
performed on scrambled- and Dyn2-siRNA-treated cell lysates with 
antibodies against Dyn2, GAPDH, and mitochondrial fission (Drp1 and 
Mff) and fusion (Mfn2 and Opal) machineries. 
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Extended Data Figure 2 | Inhibition of clathrin-mediated endocytosis mitochondrial area per mitochondrion (left) and mean mitochondria 
does not affect mitochondrial morphology. a, Representative images per ROI (right). Dyn2-depleted cells had larger mitochondria and less 
of TOM20 immunofluorescence in COS-7 cells transfected with mitochondrion per ROI compared to control cells, as in Fig. 1; however, 
scrambled control (n = 50), AP-2 (n=50), or Dyn2 siRNA (n= 52). AP-2-depleted cells displayed mitochondrial morphology that was 
Scale bars = 10j1m. b, Immunoblots with antibodies against AP-2, Dyn2, qualitatively and quantitatively similar to control cells. These data were 
and GAPDH in siRNA-treated cells. c, The effect on mitochondrial obtained from three biological replicate experiments. Error bars represent 
morphology was quantitated within a 230 1m? ROI for mean the s.e.m. *P < 0.01 by ANOVA. 
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Extended Data Figure 3 | Dyn2 depletion does not phenocopy 
starvation-induced inhibition of Drp1. a, b, The phosphorylation status 
of Drp1 was evaluated by immunoblot on whole-cell lysates in scrambled- 
and Dyn2-siRNA-treated cells using antibodies against phospho-Ser637- 
Drp1 (a) and phosphor-Ser616-Drp1 (b). Antibodies against Drp1 and 
Dyn2 were used to measure total Drp1 and Dyn? levels, respectively, 

and anti-GAPDH was used as a loading control. The optical densities 

of phosphorylated-serine Drp1 were normalized to their corresponding 
GAPDH signal (graphs in a, b). The data represented in graphs in both 

a and b were obtained from three biological replicate experiments. Error 
bars represent the s.e.m. *P < 0.01 by paired t-test. 


© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. 


a COS-7 cells 


Dyn2-mNeon/mCh-Drp1/mito-BFP 


LETTER 


et 
ale 
52 
es 
S 
ot 
eo 
af 
cs 
a) 
Sy 
oa 
Eq5 
ag 
SE= 
a 
t=0s t=5s t=10s t=15s 
b Linescan analysis of Drp1 and Dyn2  € | { v Y 
re vg - oe “ 250 = 250 v 250 i 250 y 
‘ © .. 200 200 200 i 200 j 
o£ 
® 9 @ 150 150 150 150 
© oO 
5 = 100 100 100 100 
z 50 50 50 50 
0 0 0 0 
0.8 1.6 2.4 0.8 1.6 2.4 0.8 1.6 2.4 0.8 1.6 2.4 
Microns 


d PtK1 cells 


GFP-Mff/mCh-Drp1/mito-BFP 


mCh-Drp1 
Mito-BFP 


=f 
i 2 
OS 
tao 
798 
ns 8 
52s 
t=0s 
@ Linescan analysis of Mff and Drp1 f ‘ 
250 
Pre-fission Post-fission oO 
(t=0s) (t=10s) a 200 
8% 150 
oc 
SJ © 100 
os 
o iL 50 
0 
08 2.4 


Extended Data Figure 4 | Live-cell imaging of mitochondrial division 
machinery before, during and after division. a, Representative example 
of mitochondrial division (6 events from 108 cells) in COS-7 cells 
expressing mito-BFP (grey), mCherry-Drp1 (red), and Dyn2-mNeon 
(green) (Supplementary Video 2). Insets show the temporal and spatial 
dynamics of Drp1 (arrows) and Dyn2 (arrowheads) before and during 
mitochondrial division. b, A schematic identifying two temporal moments 
of interest with respect to Drp1, Dyn2 and mitochondrial dynamics— 
the frame before and the frame after division—with a dashed line that 
identifies the region that was analysed by line scan. c, Line-scan analysis 
of Drp1 and Dyn2 leading up to, and following, mitochondrial division. 
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d, Representative example mitochondrial division (27 events from 49 
cells) in PtK1 cells expressing mito-BFP (grey), mCherry—Drp1 (red), and 
GFP-Mff (green). Insets show the temporal and spatial dynamics of Drp1 
(arrows) and Mff (arrowheads) before and during mitochondrial division. 
e, Schematic identifying the two temporal moments of interest with 
respect to Mff, Drp1 and mitochondrial dynamics. f, Line-scan analysis of 
Mff and Drp1 leading up to and following mitochondrial division. Note, 
that the interaction between Drp1 and its adaptor, Mff, is maintained 
throughout the process of mitochondrial division; by contrast, Dyn2 
associates with only one daughter mitochondrion. Scale bars for whole-cell 
panels and inset panels are 101m and 1 1m, respectively (a, d). 
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Extended Data Figure 5 | STS treatment stalls division factors at co-labelled with Drp1 (336 out of 505 Mff-marked constrictions), whereas 
mitochondrial constrictions. a-d, Structure illumination microscopy STS treatment increased the co-localization of Drp1 with Mff-marked 

was used to capture images of PtK1 cells expressing mCherry-Drp1 (red), constrictions to 85.1% (538 out of 632 Mff-marked constrictions). e, 24.9% 
mito—BFP (grey), and either GFP-Mff (a and b; green, n= 10 and 12 cells, of Drp1-marked constrictions were co-labelled with Dyn2 in untreated 
respectively) or Dyn2-mNeon (c and d, green, n = 13 cells for each) that cells (128 out of 514 constrictions). The co-localization of Dyn2 to Drp1- 
were untreated or treated with 11M staurosporine (STS). The effect of marked constrictions increased to 39.7% following STS treatment (140 out 
STS treatment on division machinery localization was scored by line-scan of 353 Drp1-marked constrictions). f, STS treatment results in an increase 
analyses. Line-scan analysis verified the co-localization of Drp1 at of Drp1 at Mff-marked constrictions as well as an increase in Dyn2 
Mff-marked constrictions (a, b) and Dyn2 at Drp1-marked constrictions localization to Drp1-marked constrictions. Scale bars for whole cell panels 
(c, d). Under steady-state conditions, 66.5% of Mff-marked constrictions and the inset panel are 10,1m and 1|.m, respectively (a-d). 
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Extended Data Figure 6 | Drp1 and Dyn2 depletion delays cytochrome c number of cells scored. Error bars represent s.e.m. b, Spatial resolution 
release from mitochondria after STS treatment. a, b, Scrambled-, of the subcellular localization of cytochrome c. The main panel displays 
Drp1-, and Dyn2-siRNA-treated cells were first treated with 75 1M a merged image of cytochrome c/TOM20 with a single-channel image 
zVAD-fmk for 4h, then either left untreated or treated with STS for 1.5 of cytochrome c (inset). The co-localization of cytochrome c with 
or 5h. Cells were then fixed with 4% paraformaldehyde, permeabilized mitochondria was analysed using the ‘coloc2’ ImageJ plugin and the mean 
with 0.1% Triton X-100, and immuno-labelled for cytochrome c (green) Pearson's R coefficient is displayed in the bottom-right corner of each 
and TOM20 (red). a, The percentage of cells displaying cytochrome c image. n= 40 cells per condition. Data were obtained from three biological 
release was scored. n values are shown on each graph and depict the total replicates. Scale bars, 501m (a) or 101m (b). 
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Dyn2-siRNA-treated cells were fixed as in Extended Data Fig. 6 and of activated Bax is shown in the inset. The co-localization of activated 
immuno-labelled with an antibody targeting activated Bax (Bax6A7; Bax with mitochondria was analysed using the ‘coloc2’ Image] plugin. 
green), and TOM20 to stain mitochondria (red). a, The percentage of cells | The mean Pearson’s R coefficient is displayed in the bottom-right corner 
displaying Bax activation from the images taken (representative images of each image. n = 40 cells per condition. Data were obtained from three 
shown on the left) was scored and plotted (right). n values represent the biological replicates. Scale bars, 501m (a) or 101m (b). 
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Targeted genome editing via engineered nucleases is an exciting 
area of biomedical research and holds potential for clinical 
applications. Despite rapid advances in the field, in vivo targeted 
transgene integration is still infeasible because current tools are 
inefficient!, especially for non-dividing cells, which compose most 
adult tissues. This poses a barrier for uncovering fundamental 
biological principles and developing treatments for a broad range 
of genetic disorders”. Based on clustered regularly interspaced 
short palindromic repeat/Cas9 (CRISPR/Cas9)** technology, here 
we devise a homology-independent targeted integration (HITI) 
strategy, which allows for robust DNA knock-in in both dividing 
and non-dividing cells in vitro and, more importantly, in vivo 
(for example, in neurons of postnatal mammals). As a proof of 
concept of its therapeutic potential, we demonstrate the efficacy of 
HITI in improving visual function using a rat model of the retinal 
degeneration condition retinitis pigmentosa. The HITI method 
presented here establishes new avenues for basic research and 
targeted gene therapies. 

Site-specific transgene integration is typically achieved by the 
homology-directed repair (HDR) pathway including short-fragment 
homologous recombination (SFHR)*’, which is inefficient and not 
readily accessible to non-dividing cells®*. By contrast, non-homolo- 
gous end joining (NHEJ), the other major double strand break (DSB) 
repair pathway, is active in both proliferating and post-mitotic cells’, 
and is generally more efficient than HDR in mammalian species’. 
Although mostly recognized as error-prone and used for generating 
targeted gene knockouts, studies have also demonstrated the intrinsic 
precision of NHE] repair’, which was successfully harnessed for gene 
knock-ins'!?. Regardless, however, NHEJ-mediated targeted transgene 
integration in post-mitotic cells has yet to be determined, especially 
in vivo in adult tissues such as the brain. 

We aim to develop a robust NHEJ-based homology-independent 
strategy for targeted integration of transgenes in both dividing 
and non-dividing cells. First, we sought to improve upon existing 
NHE)J-based methods!!!” for more robust knock-in compared with 
HDR- and micro-homology-mediated end-joining (MMEJ)-based 


methods’? using CRISPR/Cas9. To evaluate knock-in efficiencies 
we generated a GFP-correction HEK293 line (Fig. 1a). The absolute 
knock-in efficiencies via HDR, MMEJ-mediated targeted integration 
(precise integration into target chromosome (PITCh))'’, or NHEJ- 
mediated targeted integration (designated herein as homology- 
independent targeted integration, or HITI) (Extended Data Fig. 1a), 
were presented as percentages of GFP* or mCherry* cells (Fig. la, b). 
We observed little to no knock-in events when using genome cut 
only (IRESmChery-0c) and donor DNA cut only (IRESmCherry-MC- 
scramble) control donors (Fig. la, b and Extended Data Fig. 1b, c). 
Notably, we observed higher knock-in efficiency with HITI donors 
(IRESmCherry- lc, -2c and —MC; see below for definitions) than 
with an HDR donor (truncated GFP (tGFP) and IRESmCherry- 
HDR-0c), a PITCh donor (IRESmCherry-MH) or a HITI donor 
with homology arms (IRESmCherry-HDR-2c). Consistent 
with previous observations, inserted DNA devoid of bacterial 
backbone (IRESmCherry-2c and IRESmCherry-MC) resulted in 
less pronounced transgene silencing than DNA carrying bacterial 
sequences (IRESmCherry-1c) (Extended Data Fig. 1d-f)!*". 
Treatment with the NHEJ inhibitor NU7026 significantly decreased 
HITI efficiency, confirming the dependence of HITI on the NHEJ 
repair machinery (Extended Data Fig. 1g). 

HITI is expected to occur more frequently in the forward than the 
reverse direction as an intact guide RNA (gRNA) target sequence 
remains in the latter, which is subjected to additional Cas9 cutting until 
forward transgene insertion or insertions and deletions (indels) occur 
that prevent further gRNA binding (Extended Data Fig. 1a). Indeed, 
we only found 1 in 48 mCherry~ single-cell-derived clones showed 
reverse integration (Extended Data Fig. 2a). Notably, the majority of 
forward knock-in did not exhibit indels (Fig. 1b and Extended Data 
Fig. 2b-g). The GFP-correction HEK293 line contains five copies of the 
target site per cell. Next we sequenced all the target sites of mCherry* 
and mCherry~ single-cell clones (Extended Data Fig. 2h). Among 13 
mCherry* single-cell clones analysed, we observed 1-3 knock-in events 
per clone and the rest of the genomic targets all contained indels. By 
contrast, 22 of 24 mCherry” single-cell clones showed intact target 
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Figure 1 | HITI-mediated in vitro genome editing. a, Schematic of 
gene targeting by HDR, PITCh, or HITI in the GFP-correction HEK293 
line. Blue pentagon, Cas9/gRNA target sequence. Black line within 

blue pentagon, Cas9 cleavage site. HITI donors: IRESmCherry-0c, 
IRESmCherry-1c, IRESmCherry-2c or IRESmCherry-MC. HDR-donors: 
tGFP and IRESmCherry-HDR-0c. A PITCh-donor: IRESmCherry-MH. 
The green square and triangle, CRISPR/Cas9 target sites to create 8-bp 
microhomology at both ends of the IRESmCherry cassette. HDR and 
HITI dual donors: IRESmCherry-HDR-2c. Genome cut-only control 
donor: IRESmCherry-0c. Donor cut-only control donor: IRESmCherry- 
MC-scramble. Red pentagon, Scramble-gRNA target sequence. b, Gene 
targeting efficiency by HDR, PITCh, or HITI (with or without indels 


sequences. The remaining two mCherry~ clones showed either indels 
or reverse integration at all target sites. 

To further enhance Cas9 activity and HITI editing, we tested fusing 
Cas9 to different nuclear localization signals (NLS) and found the 
bipartite SV40NLS or BPNLS!° was superior to SV40NLS* in Cas9 
nuclear targeting and genome editing (Extended Data Fig. 3). 

Next we tested HITI in non-dividing cells in vitro. To this end we 
transfected cultured mouse primary neurons with HITI constructs 
designed to insert a GFP cassette downstream of the Tubb3 gene, which 
would result in the expression of a TUBB3-GFP fusion protein local- 
ized to the cytoplasm”. We used EdU to label proliferating cells. Five 
days post-transfection we observed many neurons with GFP signal 
co-localized with BIII-tubulin/Tujl (Fig. 1c—-e) and were EdU-negative, 
indicating successful HITI-mediated GFP knock-in to the Tubb3 locus 
in post-mitotic neurons (Fig. 1f and Extended Data Fig. 4a, b). The per- 
centage of GFP* cells was 0.58% of total cell population (GFPt/DAPI", 


at junction sites). Results were obtained from three replicate wells and 
presented as mean +s.d. The input data points were shown as black 
dots. c, Schematic of targeted GFP knock-in by HDR, PITCh, or HITI 

in cultured primary neurons. d, Experimental scheme for GFP knock-in 
in cultured primary neurons. e, Representative immunofluorescence 
images of neurons transfected with Tubb3-GFP HITI constructs: 
BPNLS-Cas9, Tubb3gRNA-mCherry, and Tubb3-MC plasmids. Inset, 
higher magnification image. Scale bar, 100 1m. f, Targeted GFP knock-in 
efficiencies indicated by percentage of GFP* cells among transfected cells 
(mCherry*) or all cells (DAPI*) in EdU* or EdU~ neurons. n, technical 
replicates. Results were presented as mean + s.d. For source data, see 
Supplementary Table 1. 


absolute efficiency) and 55.9% of transfected cells (GFP*/mCherry*, 
relative efficiency), respectively. 

We compared relative knock-in efficiencies in transfected neurons 
with an HDR (Tubb3-HDR), a PITCh (Tubb3-MH), and four different 
HITI donor plasmids (1-cut (Tubb3-1c), 2-cut (Tubb3-2c), 2-cut 
No-polyA (Tubb3-2cd), and minicircle (Tubb3-MC)) (Extended 
Data Fig. 4c). We observed little to no knock-ins with donor DNA 
cut-only control (Tubb3-MC-scramble), HDR (Tubb3-HDR), and 
PITCh (Tubb3-MH) vectors. By contrast, all HITI vectors allowed 
efficient GFP knock-in in non-dividing primary neurons. For the 2-cut 
No-polyA and minicircle donors, the GFP signal was almost exclusively 
found in the cytoplasm, while 1-cut and 2-cut donors often resulted 
in mis-localized GFP signals (Extended Data Fig. 4d, e), probably 
due to the presence of bacterial backbone and/or polyA sequences. 
Consistent with our observations in HEK293 cells, the majority of 
knock-in neurons (GFP*) did not show indels and we observed a 
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Figure 2 | HITI-mediated in vivo genome editing in neurons. 

a, Schematic of targeted GFP knock-in by HITI in fetal brain via 

in utero electroporation. b, Representative immunofluorescence images 
of neurons showing correct GFP knock-in at the Tubb3 locus. Insets, 
higher magnification images. Scale bar, 100j1m. mCherry, transfected 
cells. c, Relative knock-in efficiency measured by the percentage of 
GFP* cells among mCherry* cells. n, number of pups obtained from 
two pregnant mice. Results were presented as mean + s.d. The input data 
points were shown as black dots. **P < 0.01, unpaired Student's t-test. 


better knock-in efficiency with BPNLS than SV40NLS (Extended Data 
Fig. 4f-i and Extended Data Fig. 5a). Furthermore, HITI also allowed 
knock-in of GFP to the TUBB3 locus in human embryonic stem cell 
(ES cell)-derived pan neurons (Extended Data Fig. 5b-e). 

We next tested HITI in vivo using live rodents. We first delivered 
Tubb3-GFP HITI constructs to E15.5 mouse brain via in utero 
electroporation!®. Three weeks after birth, we observed that up to 16.8% 
of electroporated cells (GFP*/mCherry*, relative efficiency) showed 
cytoplasmic GFP expression (Fig. 2a—c and Extended Data Fig. 5f). 
Owing to low efficiency of DNA delivery via in utero electroporation 
(around 1%), the absolute knock-in efficiency (GFP*/DAPI") to the 
somatosensory cortex was less than 0.2%. 'To demonstrate the efficacy 
of HITI in post-mitotic cells in vivo, we generated inducible Tubb3- 
GFP HITI targeting constructs where Cre-dependent Cas9 expression 
is under the control of tamoxifen (TAM). Following in utero electro- 
poration of E15.5 fetal brain we induced Cas9 expression via TAM 
treatment at postnatal day (P)10 and P11, at which stage most, if not 
all, dividing neural progenitors have differentiated into post-mitotic 
neurons’? (Extended Data Fig. 5g). Our results revealed efficient GFP 
knock-in with the HITI donor and minimal knock-in with the HDR 
donor (Tubb3-HDR) (Extended Data Fig. 5h, i). Similar results were 
obtained for other tissues, such as muscle and kidney, where non-viral 
delivery was used for HITI constructs that target GFP to the Rosa26 
locus downstream of the CAG promoter in Ail4 mice?’ (Extended 
Data Fig. 6). Together, these results demonstrate the utility of HITI for 
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d, Schematic of HITI-AAV vectors for knock-in GFP to the downstream 
of Tubb3 gene. Black half-arrows, PCR primers. e, Schematic of in vivo 
HITI via local AAV injections in adult mouse brain. f, Representative 
immunofluorescence images of neurons in HITI-AAV injected brain 
sections. Scale bar, 100 1m. g, Relative and absolute knock-in efficiencies 
measured by the percentage of GFP* cells among mCherry* cells or all 
DAPI cells, respectively. Results were obtained from two animals and 
presented as mean +s.d. The input data points were shown as black dots. 
For source data, see Supplementary Table 2. 


transgene knock-in in a variety of somatic tissues, including non-di- 
viding cells, in vivo. 

For in vivo applications, adeno-associated virus (AAV) vectors have 
been the delivery method of choice and have shown evidence of efficacy 
in humans?!-3, Thus, to further improve in vivo HITI efficiency and 
utility further, we sub-cloned HITI constructs into two AAV vectors and 
packaged both AAVs with serotype 8 or 9, which showed high infection 
capability for many organs and therapeutic safety**”> (Fig. 2d). Efficacy 
of HITI-AAVs (AAV-Cas9 and AAV-mTubb3) was first tested by co- 
infecting cultured primary neurons. Infected neurons subsequently 
expressed GFP overlapped with cytoplasmic (III-tubulin staining, 
and the percentage of GFP* cells was 5.1% (absolute efficiency) of 
the total cell population (Extended Data Fig. 7a—c). The fidelity of 
GFP knock-in was confirmed by PCR and sequencing (Extended Data 
Fig. 7d, e). 

We next injected the HITI-AAVs directly to the visual cortex of 
adult mouse brain. Two weeks later, brain sections were stained with 
a GFP antibody (Fig. 2e). In contrast to control (AAV-mTubb3 alone), 
where minimal GFP signals were detected, we found many neurons 
with cytoplasmic GFP signals in the experimental group (Fig. 2f). Our 
results indicate that the percentage of GFP* cells in the adult mouse 
brain was 3.5% (absolute efficiency) of total cells counted and 10.6% 
(relative efficiency) of infected cells (mCherry*), respectively (Fig. 2g). 
We also generated HITI-AAVs for GFP knock-in in Ail4 mice and 
found local HITI-AAVs delivery through intramuscular injection in 
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Figure 3 | HITI-mediated gene correction of a rat model of retinitis 
pigmentosa. a, Schematic representation of the Mertk gene locus in both 
wild-type and RCS rats. Blue pentagon, Cas9/gRNA target sequence. Black 
line within blue pentagon, Cas9 cleavage site. b, Schematic of Mertk gene 
correction AAV vectors. Black half-arrows, PCR primers. c, Experimental 
scheme for Mertk gene correction in RCS rats. d, Validation of correct 

gene knock-in by genomic PCR. e, Relative Mertk mRNA expression. 

n, number of animals. Results were presented as mean + s.d. The input data 
points were shown as black dots. **P < 0.01, unpaired Student's t-test. 

f, Retinal morphology and outer nuclear layer (ONL) thickness. Red bracket, 
ONL. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner 


adult Ail4 mice also resulted in GFP knock-in at the Rosa26 locus in 
skeletal muscle (Extended Data Fig. 8a—c). 

To explore the possibility of using HITI for gene replacement 
therapy, we used the Royal College of Surgeons (RCS) rat, a well- 
established animal model for retinitis pigmentosa (an inherited retinal 


nuclear layer; OPL, outer plexiform layer. Scale bars, 201m. n, number of 
animals. Results were presented as mean + s.d. The input data points were 
shown as black dots. **P < 0.01, unpaired Student's t-test. g, Representative 
immunofluorescence images of MERTK expression in retinal pigment 
epithelium (RPE) of RCS eyes. Scale bars, 501m. h, Improved rod and cone 
mix response (left, wave forms; right, quantification bars) in HITI-AAVs 
injected eyes. n, number of animals. Results were presented as mean £s.d. 
**P < 0.01, unpaired Student's t-test. i, Improved 10 Hz flicker cone response 
in HITI-AAVs injected eyes. n, number of animals. Results were presented 
as mean + s.d. **P < 0.01, unpaired Student's t-test. For full gel images, see 
Supplementary Fig. 1. For source data, see Supplementary Table 3. 


degeneration condition that causes blindness in humans”®) resulting 
from a homozygous 1.9-kb deletion from intron 1 to exon 2 in the 
Mertk gene’ (Fig. 3a). Morphological changes in the degenerating pho- 
toreceptor outer nuclear layer (ONL) appear as early as P16 in RCS rats. 
To try to restore MERTK function in the eye, we generated a HITI-AAV 
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Figure 4 | AAV-mediated systemic HITI in vivo. a, Schematic of in vivo 
targeted GFP-NLS knock-in by HITI via intravenous (IV) AAV injections 
to Ail4 mice. b, Representative immunofluorescence images of GFP 
expression in the liver, heart, and quadriceps muscle after intravenous 
injection of HITI-AAVs (serotype 9). The absolute efficiencies of GFP 
knock-in per cell (liver and heart) and per nucleus (quadriceps muscle) were 
shown. Results were obtained from five sections per sample and presented 
as mean + s.d. Scale bar, 200 1m. c, Validation of correct gene knock-in in 
heart and liver by genomic PCR. d, Frequencies of indel per target sequence 
of liver and heart by deep sequencing. e, Single-cell genotyping of GEP* 
cells from HITI-AAVs injected Ail4 mouse muscle and heart. n, number 
of the analysed single cells. ND, not determined. For full gel image, see 
Supplementary Fig. 1. For source data, see Supplementary Table 4. 


vector for inserting a copy of Mertk exon 2 into intron 1 (AAV-rMertk- 
HITI) and an HDR-AAV vector (AAV-rMertk-HDR) as a control 
(Fig. 3b). The AAVs were injected in the subretinal space of RCS rats 
3 weeks after birth and analyses were performed between 7-8 weeks 
(Fig. 3c). DNA analysis revealed correct knock-in in eyes injected with 
HITI-AAVs (Fig. 3d and Extended Data Fig. 8d). In addition, HITI- 
AAVs injection led to statistically significant increases in Mertk mRNA 
expression levels (absolute efficiency: 4.5% of wild-type level) and 
better preservation of the ONL thickness compared with non-injected 
and HDR-AAV-injected controls (Fig. 3e, f). MERTK protein was 
also observed in eyes injected with HITI-AAVs, but not HDR-AAVs 
(Fig. 3g). To determine the effect of HITI treatment on the physiological 
function of the retina, electroretinography (ERG) responses were tested 
to measure the electrical activity of rods and cones (10 Hz flicker). The 
ERG tests were performed 4 weeks after the injection (P50). All eyes 
treated with HITI-AAVs exhibited significantly improved ERG b-wave 
responses (Fig. 3h). Similarly, 10 Hz flicker value, which measures cone 
response, was significantly improved and was more than fourfold 
higher than seen for the untreated eyes (Fig. 3i). It should be noted, 
however, that although tests demonstrated improved visual responses 
after subretinal injection of HITI-AAVs to 3-week-old RCS rats, the 
rescue was only partial and not enough to completely restore vision. 
Thus, when considering a putative path forward for treating this disease 
in the clinic, early intervention times (before overt retinal degeneration 
is seen) would be required. 

We also tested systemic delivery of HITI-AAVs (AAV-Cas9 and 
AAV-Ai14-HITI) into P1 Ail4 mice via intravenous injection (Fig. 4a). 
Two weeks post-injections, we observed 4.2%, 3.4% and 10.0% GFP* 
cells of total nuclei counted in the liver, heart and quadriceps muscle, 
respectively (GFP*/DAPI", absolute efficiency) (Fig. 4b). GFP 
signals were also detected in a broad range of other organs and tissues 
(Extended Data Fig. 9a). We also compared in vivo gene knock-in 
efficiencies between HITI and HDR via systemic delivery and found 
that knock-in efficiency with HITI was significantly higher than 
with HDR in both liver and heart tissues (Extended Data Fig. 9b, c). 
Genomic PCR and DNA sequencing analyses of whole, unsorted liver 
and heart samples confirmed the correct gene knock-ins (Fig. 4c and 
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Extended Data Figs 8a and 9d). We also found that indel frequencies, as 
determined by deep sequencing of unsorted samples, were comparable 
to knock-in efficiencies, similar to our observation in HEK293 cells 
(Fig. 4b, d and Extended Data Fig. 2h). Next we performed single-cell 
genotyping using GFP* cells sorted from muscle and heart tissues 
(Fig. 4e). Our results demonstrated high on-target specificity of 
HITI (90-95%). Notably, among all analysed cells, 30-50% showed 
biallelic transgene integration. In addition, we observed preferential 
knock-in in adult liver after tail vein injection of AAVs, with an absolute 
efficiency of approximately 5% of total cells counted (Extended Data 
Fig. 10a-d). To study off-target effects of HITI following systemic 
in vivo delivery, we examined mutation rates for on-target sites, and the 
12 highest ranked predicted genomic off-target sites using liver tissue. 
Next-generation sequencing analysis revealed minimal indel frequency 
at the examined off-target sites (Extended Data Fig. 10e). 

The ability to use HITI for in vivo targeted transgene insertion into 
post-mitotic neurons is unprecedented and will help advance basic 
and translational neuroscience research. For example, HITI-mediated 
insertion of optogenetic activators into downstream of a specified gene 
locus may help gain cell-type-specific control over neuronal activities”®. 
HITI may also allow, for instance, the generation of knock-in reporters 
for tracing cells in live animals. This will be particularly useful for 
animal models in which transgenic tools are limited (for example, 
non-human primates)”. With further improvement to efficiency, HITI 
also holds great promise for in vivo targeted gene-replacement therapy. 


Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper. 
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METHODS 


No statistical methods were used to predetermine sample size. The experiments 
were not randomized and the investigators were not blinded to allocation during 
experiments and outcome assessment. 

Plasmids. Vector expressing both gRNA and mCherry (pCAGmCherry-gRNA) 
was generated as previously described*”. To construct gRNA expression vectors, 
each 20 bp target sequence was sub-cloned into pCAGmCherry-gRNA or 
gRNA_Cloning Vector (Addgene 41824). The CRISPR/Cas9 target sequences 
(20 bp target and 3 bp PAM sequence (underlined)) used in this study include: 
scramble, GCTTAGTTACGCGTGGACGAAGG; mutant GFP, CAGG 
GTAATCTCGAGAGCTTAGG; MH1, GCCGCTTTACTTAGGTCCCCGGG; and 
MH2, GGAGATCCACTCTCGAGCCCGGG; for PITCh donor: mouse Tubb3, 
AGCTGCGAGCAACTTCACTTGGG; human TUBB3, AGCTGCGAGCAGCTT 
CACTTGGG; human KCNQ1, AGTACGTGGGCCTCTGGGGGCGG; the down- 
stream of CAG promoter in Ail4 mouse, TAGGAACTTCT TAGGGCCCGCGG; 
rat Mertk for HITI, GAGGACCACTGCAACGGGGCTGG; rat Mertk for HDR, 
TCAGGTGCTTAGGCATTTCGTGG. The Scramble-gRNA target sequence 
we designed is an artificial sequence that does not exist in human, mouse and 
rat genomes. We used the off-target finder software Cas-OFFinder (http://www. 
rgenome.net/cas-offinder/) to confirm that there were no genomic target sites 
within 2-bp mismatches. We have confirmed that the Scramble-gRNA can cut 
its target site in the donor vector (Extended Data Fig. 1b). pMDLg/pRRE, pRSV- 
Rev and pMD2.G (Addgene 12251, 12253 and 12259) were used for packaging 
lentiviruses. pEGIP*35 and tGFP (Addgene 26776 and 26864) were used for exam- 
ining HDR and HI Tl efficiencies. To construct IRESmCherry-0c, IRESmCherry-1c, 
IRESmCherry-2c, IRESmCherry-MH, IRESmCherry-HDR-0c and IRESmCherry- 
HDR-2c, IRES and mCherry sequences were amplified with Cas9 target sequence 
by PCR from pEGIP*35 and pCAGmCherry-gRNA, respectively and co-integrated 
into pCR-bluntII vector (Invitrogen) with zero, one or two CAS9/gRNA target 
sequences. Cas9 expression plasmid (hCas9) was purchased from Addgene (41815). 
To generate different NLS-dCas9 constructs, pMSCV-LTR-dCas9-VP64-BFP 
(Addgene 46912) was used to amplify dCas9, which was subsequently subcloned 
into pCAG-containing plasmid with different NLS and 3 x Flag tag. To construct 
pCAG-Cas9 (no NLS), pCAG-1NLS-Cas9-1NLS and pCAG-1BPNLS-Cas9- 
1BPNLS, D10A and H840A mutations of dCas9 plasmids were exchanged to 
wild-type sequence by In-Fusion HD Cloning kit (Clontech). Then, pCAG-Cas9- 
2AGFP (no NLS), pCAG-1NLS-Cas9-1NLS-2AGFP and pCAG-1BPNLS-Cas9- 
1BPNLS-2AGFP were constructed by adding 2AGFP downstream of Cas9. To 
construct pCAG-floxSTOP-1BPNLS-Cas9-1BPNLS, 1BPNLS-Cas9-1BPNLS 
was amplified by PCR and exchanged with GFP of pCAG-floxSTOP-EGFP-N1 
vector*!. To construct HITI donor plasmids for mouse and human Tubb3 gene 
(Tubb3-1c, Tubb3-2c, Tubb3-2cd, hTUBB3-1c and hTUBB3-2c) and PITCh 
donor (Tubb3-MH), GFP was subcloned into pCAG-floxSTOP plasmid with one 
or two CAS9/gRNA target sequences. To construct HDR donor for mouse Tubb3 
gene (Tubb3-HR), GEP, 5’ and 3’ homology arms were amplified from pCAG- 
GFP-N1 or mouse genome, then subcloned into pCAG-floxSTOP plasmid. pCAG- 
ERT2-Cre-ERT2 was purchased from Addgene (13777). PX551 and PX552 were 
purchased from Addgene (60957 and 60958). To construct AAV-Cas9, nEF 
(hybrid EFla/HTLV) promoter (Invivogen) was exchanged with Mecp2 promoter 
of PX551. To construct donor/gRNA AAVs for HITI, donor DNA sandwiched 
by Cas9/gRNA target sequence, gRNA expression cassette and GFPKASH (or 
mCherryKASH) expression cassettes were subcloned between ITRs of PX552, 
and generated pAAV-mTubb3, pAAV-Ail4-HITI, pAAV-Ail4-luc, pAAV-Ail4- 
scramble and pAAV-rMertk-HITI. For pAAV-rMertk-HITI, exon 2 of rat Mertk 
gene including the surrounding intron is sandwiched by Cas9/gRNA target 
sequence, which is expected to integrate within intron 1 of Mertk by HITI. For 
HDR AAV (pAAV-Ail4-HDR and pAAV-rMertk-HDR), the homology arms were 
amplified by PCR from mouse and rat genome DNA, and subcloned into AAV 
backbone plasmid. The plasmids described in this manuscript will be available to 
academic researchers through Addgene. 

Genomic DNA extraction and genomic PCR. Genomic DNAs were extracted 
using Blood & Tissue kit (QIAGEN) or PicoPure DNA Extraction Kit (Thermo 
Fisher Scientific). Genomic PCRs were performed using PrimeSTAR GXL DNA 
polymerase (Takara). 

Bisulphite sequencing. Genomic DNA from the transfected HEK293 lines was 
extracted and bisulphite converted using the Zymo EZ DNA methylation-direct 
Kit (Zymo Research). The DNA methylation profile of mCherry was analysed by 
TOPO cloning as described previously. 

Cell lines. H1 hES cells were purchased from WiCell Research, and maintained 
in hES cell medium*’. HEK293 cell was purchased from ATCC. Cell lines were 
authenticated by STR analysis. Mycoplasma contamination was checked every 
2 months and was found to be negative in all cell lines used. 


AAV production. All AAVs were packaged with serotypes 8 or 9 and were 
generated by the Gene Transfer Targeting and Therapeutics Core (GT3) at the Salk 
institute for biological studies. 

Animals. ICR, C57BL/6 and ROSA-LSL-tdTomato (known as Ail 4)”° mice were pur- 
chased from the Jackson laboratory. Some timed pregnant ICR mice were purchased 
from SLC Japan (Sizuoka, Japan). RCS and Brown Norway rats were purchased 
from the Jackson laboratory. All mice used in this study were from mixed gender, 
mixed strains and P1 to 12 weeks old. All mouse experiments were approved by the 
IACUC committee or the RIKEN Center for Developmental Biology and conform 
to regulatory standards. All rat procedures were conducted with the approval and 
under the supervision of the Institutional Animal Care Committee at the University 
of California San Diego and adhered to the ARVO Statement for the Use of Animals 
in Ophthalmic and Vision Research. The midday of the vaginal plug was designated 
as embryonic day 0.5 (E0.5). 

Minicircle DNA vectors. Construction and production of minicircle DNA vectors 
were performed as previously described*. Briefly, to construct pre-minicircle 
plasmids (pIRESmCherry-MC, pIRESmCherry-MC-scramble, pTubb3-MC, 
pTubb3-MC-scramble, pAil4-GFPNLS-MC, pAil4-GFPNLS-MC-scramble, 
pAil4-luc-MC and pAil4-luc-MC-scramble), IRESmCherry, GFP or luciferase 
genes with Cas9/gRNA targeting sequence were cloned into Apal and Smal sites 
of the minicircle producer plasmid pMC.BESPX (a gift from M. Kay, Stanford 
University School of Medicine). The final minicircle constructs were introduced 
into the E. coli strain 3S2T (a gift from M. Kay) and amplified overnight in Terrific 
Broth (pH 7.0) (Fisher Scientific). The minicircle production was induced by 
mixing the overnight TB culture with an equal volume of minicircle induction 
mix comprising fresh LB and 20% L-arabinose (SBI), followed by a 5h incubation 
at 32°C with shaking at 2501r.p.m. Minicircle DNA was isolated with EndoFree 
Plasmid Mega Kit (QIAGEN) following the manufacturer’s protocol except that 
the volumes of P1, P2 and P3 buffers were doubled. 

Surveyor assay. To confirm the function of the Scramble-gRNA, we per- 
formed Surveyor assay in GFP-correction HEK293 line. Briefly, Cas9, 
Scramble-gRNA, and different donor DNA (IRESmCherry-MC or 
IRESmCherry-MC-scramble) were transfected into GFP-correction HEK293 
line. Three days later, genomic DNA was extracted with DNeasy Blood & 
Tissue kit. To examine the activity of the generated nuclear localized Cas9, 
we performed Surveyor assay in human H1 ES cells. Briefly, each 1.5 x 107 
feeder-free cultured H1 ES cells were dissociated by TrypLE (Invitrogen), 
and resuspended in 1 ml of MEF-conditioned medium containing 101M 
ROCK inhibitor Y-27632 (Biomol Inc.). Cells were electroporated with 25 1g 
of pCAGmCherry-KCNQ1 and 25 1g of different Cas9 (pCAG-Cas9-2AGFP, 
pCAG-1NLS-Cas9-1NLS-2AGFP or pCAG-1BPNLS-Cas9-1BPNLS-2AGFP), 
and were plated onto 100-mm dishes pre-coated with Matrigel. Two days after 
electroporation, the cells were dissociated by TrypLE, and Cas9 and gRNA 
expressing cells were sorted out as GFP/mCherry double-positive cells by BD influx 
cell sorter (BD), and genomic DNA extracted with DNeasy Blood & Tissue kit. 
The extracted genomic DNA from the transfected GFP-correction HEK293 line 
and human H1 ES cells were used for Surveyor assay with SURVEYOR Mutation 
Detection Kits (Transgenomic) as described previously*. 

Generation of GFP-correction HEK293 line. To assess the knock-in efficiency 
in dividing cells and optimize the HITI method, we established a mutated GFP 
gene-based reporter system in HEK293. Briefly, pEGIP*35 was co-transfected 
with pMDLg/pRRE, pRSV-Rev and pMD2.G, packaged and purified as lentiviral 
vectors according to a published protocol*®. HEK293 cells were transduced in 
suspension with lentiviral EGIP*35 vector and 41g ml! polybrene for 1h. After 
brief centrifugation to remove any residual lentiviral vector, the cells were seeded in 
100-mm dishes. Three days after transduction, puromycin (1-2,1.g ml}; 
Invitrogen) was added to the medium. After 10 days, single colonies were 
individually picked up and expanded as GFP-correction HEK293 line. 

Culture of mouse primary neurons. Primary neurons were obtained from the 
cortex of E14.5 ICR mouse brains. After the embryo retrieval, all dissection 
procedures were performed in a cold solution of 1x phosphate-buffered saline 
(PBS) with 2% glucose (Gibco). Cortical tissue was dissociated by trypsinization, 
and 1.5 x 10° cells cm~? were plated over coated poly-p-lysine coverslips 
(Neuvitro) with Neurobasal media (Gibco) supplemented with 2% B27 (Gibco) 
and 0.25% Glutamax (Gibco). The cultures were incubated at standard conditions 
(37°C in humidified 5% CO,/95% air atmosphere). Half volume of culture media 
was replaced every 3 days. 

Differentiation and culture of human ES cell-derived pan neurons. The 
differentiation protocol from human ES cells to pan neurons was described 
previously’”. 

Transfection of in vitro cultured cells. Lipofectamine 3000 (Invitrogen), 
CombiMag Reagent in combination with Lipofectamine 2000 (OZBiosciences) 
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and DNA-In Neuro Transfection Regent (Amsbio) were used for transfection 
of HEK293 cells, mouse primary cells and human ES cell-derived pan neurons, 
respectively. Transfection complexes were prepared following the manufacturer's 
instructions. 

Measurement of targeted gene knock-in efficiency in GFP-correction HEK293 
line. To measure the targeted gene knock-in efficiency in GFP-correction HEK293 
line, we co-transfected hCas9, gRNA (mutant GFP-gRNA, Scramble-gRNA, 
MH1-gRNA and/or MH2-gRNA) and donor DNA. Promoterless IRESmCherry 
plasmids with zero, one, or two CRISPR/Cas9 target sites (IRESmCherry-0c, 
IRESmCherry-1c and IRESmCherry-2c, respectively) and a minicircle donor 
(IRESmCherry-MC) were used to measure HITI efficiency. HDR-donors (tGFP 
and IRESmCherry-HDR-0c) were used to measure HDR efficiency. A PITCh- 
donor (IRESmCherry-MH) was used to measure PITCh efficiency. IRESmCherry- 
HDR-2c was used as HDR and HITI dual donors. IRESmCherry-0c and 
IRESmCherry-MC-scramble were used as genome DNA cut only and donor DNA 
cut only controls, respectively. The Scramble-gRNA target sequence is an artificial 
sequence that does not exist in both human and mouse genomes. The Scramble- 
gRNA was transfected with IRESmCherry-MC-scramble. The MH1-gRNA and 
MH2-gRNA were co-transfected with IRESmCherry-MH. For other donor 
shown in Fig. la, the mutant GFP-gRNA was co-transfected. The efficiencies of 
targeted gene knock-in via HDR, PITCh and HITI were determined by calculating 
the percentage of GFP? or mCherry* cells by FACS LSR Fortessa (BD) and the 
percentages of PITCh, HITI (without indel) or HITI (with indel) per mCherry* 
cells were determined by Sanger sequencing. 

Isolation of the genome-edited GFP-correction HEK293 clones. The transfected 
cells were separated into mCherry* and mCherry~ populations by FACS via BD 
Influx (BD), and ~500 cells were plated onto 100-mm dishes pre-coated with wild- 
type HEK293 cells. Two days after transduction, puromycin (21g ml“; Invitrogen) 
was added to the medium. After 2 weeks, genome-edited HEK293 clones were 
manually picked and further analysed by PCR and sequencing to determine the 
genotype. 

Immunocytochemistry of primary neurons. Cells were fixed in 4% paraform- 
aldehyde (PFA) at room temperature for 15 min. Then cells were blocked and 
permeabilized with 5% Bovine Serum Albumin (BSA) and 0.1% Triton X-100 in 
PBS for 50 min with shaking at room temperature. Primary antibodies were diluted 
in 2.5% BSA/PBS and cells were incubated overnight at 4°C in a wet chamber with 
anti-GFP (Aves) and anti-BIII tubulin (Sigma) antibodies. Next day, cells were 
washed with 0.2% Tween 20 in PBS, and incubated for 1h at room temperature 
with the secondary antibodies Alexa Fluor 488 (Thermo Fisher) or Alexa Fluor 
647 (Thermo Fisher). After a second round of washing with 0.2% Tween 20 in PBS, 
the cells were mounted using DAPI- Vector Shield mounting media (Vector) and 
stored at 4°C. To examine cell proliferation status, we added 2\1M EdU (Invitrogen) 
in the transfected neurons, and detected EdU positive cells by Click-iT EdU kit 
(Invitrogen). 

Immunocytochemistry of primary tissues. Animals were harvested after tran- 
scardial perfusion using PBS followed by 4% PFA. Organs were dissected out and 
post-fixed with 2% PFA and 15% sucrose in PBS at 4°C for 16-20h, then immersed 
in 30% sucrose in PBS at 4°C before sectioning. Mouse brains were fixed in 1% PFA 
in 0.1 M phosphate buffer (pH 7.4) at 4°C for 24h followed by cryoprotection in 
25% sucrose overnight at 4°C. For neonatal brain, brains were embedded in OCT 
compound (Sakura Tissue-Tek) and sectioned by Cryostat (14,1m). Well-dried 
sections were washed 3 times with PBST (1% Tween 20 in PBS) and treated with 
blocking buffer (2% donkey serum and 0.2% Triton X-100 in PBS, pH 7.4) for 1h 
at room temperature, followed by incubation with primary antibodies diluted in 
the same buffer overnight at 4°C. The primary antibodies used were Anti-GFP 
(Aves) and anti-mCherry (Abcam). Sections were washed three times in PBST 
and treated with secondary antibodies conjugated to Alexa Fluor 488 or Alexa 
Fluor 546 (Thermo Fisher) for 1h at room temperature. After wash, the sections 
were mounted with mounting medium (PermaFluor, Thermo scientific). For adult 
brain, 501m coronal brain sections were prepared using a freezing microtome 
and stored in PBS with 0.01% sodium azide at 4°C. Free-floating sections were 
incubated at 4°C for 16-48 h with goat anti-GFP (Rockland) primary antibodies 
in PBS/0.5% normal donkey serum/0.1% Triton X-100, followed by the appropriate 
secondary antibodies conjugated with Alexa Fluor 488 at room temperature for 
2-3h. Sections were counterstained with 101M DAPI in PBS for 30 min to visualize 
cell nuclei. Immunostained tissue sections were mounted on slides with polyvinyl 
alcohol mounting medium containing DABCO and allowed to air-dry overnight. 
For other tissues, the harvested tissues were embedded in OCT compounds and 
frozen. Serial or axial frozen sections (thickness 10-20 |1m) were prepared using 
a cryostat, which were then placed on silanized slides and air-dried. The sections 
were washed with PBS, followed by 1h room temperature incubation by blocking 
buffer containing 3% normal goat serum, 0.3% and Triton X-100 in PBS, then 
incubated with the first antibody solution overnight. The primary antibodies used 
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were anti-GFP, anti-mCherry, anti-dystrophin (Sigma), anti-actin, anit-smooth- 
muscle antibody (Sigma) and anti-human-serum-albumin antibody (R&D). After 
wash, the sections were immunostained with secondary antibody solution for 1h 
at room temperature. The secondary antibodies used were Alexa Fluor 488, 568 or 
647. After sequential washing with 0.2% Tween 20/PBS, 0.05% Tween 20/PBS, and 
PBS, the sections were mounted with DAPI Fluoromount-G (Southern Biotech). 
For rat, retinal cryosections were rinsed in PBS and blocked in 0.5% Triton X-100 
in 5% BSA in PBS for 1h at room temperature. Anti-Mertk antibody (eBioscience) 
was diluted in 5% BSA in PBS and incubated with sections overnight at 4°C. The 
sections were then washed three times with PBS, incubated with IgG secondary 
antibody tagged with Alexa Fluor 555 (Thermo Fisher) in PBS at room temperature 
for 1h, and washed with PBS. Cell nuclei were counterstained with DAPI. Sections 
were mounted with Fluoromount-G (SouthernBiotech) and coverslipped. Images 
were captured by Keyence BZ-9000 microscope. 

Nuclear/cytoplasm ratio. To measure intracellular localization of dCas9, we 
followed a previous report"®. In brief, the dCas9-transfected HEK293 cells were 
fixed with 4% PFA and stained with anti-Flag (Sigma) and DAPI (Vector). The 
intensity of fluorescence was measured using the PlotProfile tool of Image] 
software. Values were obtained independently in cytoplasmic and nuclear 
compartments in single transfected cells. Relative fluorescence values of nuclear 
intensity were divided by the values found in cytoplasm to obtain the nuclear/ 
cytoplasm ratio. 

Gene transfer into mouse embryos by in utero electroporation. The 
experimental procedures for in utero electroporation have been described 
previously**. E15.5 pregnant ICR mice were anaesthetized by 500 il IP injection 
of 10% Nembutal (Dainippon sumitomo kagaku). 1 1l of DNA mixture, containing 
the pCAG-1BPNLS-Cas9-1BPNLS (0.5j1gj1~'), mouse Tubb3 gene target 
pCAGmCherry-gRNA (0.5 gil!) and either donor cut-only control donor 
(Tubb3-MC-scramble), minicircle donor (Tubb3-MC), 2-cut (Tubb3-2c) or 
HDR donor (Tubb3-HDR) vectors (0.8 pg jl 1) was injected into the hemisphere 
of the fetal brain. For visually confirming the injection, 0.005% fast green 
solution (Wako) was mixed with the DNA. Fetuses were tweezed by paddles of 
the tweezer electrodes (CUY21 electroporator, NEPA GENE). For tamoxifen 
(TAM) inducible Cre-dependent Cas9 expression system, fetuses were injected 
with 111 of DNA mixture into the hemisphere, containing the pCAG-floxSTOP- 
1BPNLS-Cas9-1BPNLS (0.5 gpl 1), pCAG-ERT2CreERT2 (0.5 gil !), pCAG- 
mcherry-U6-gRNA (0.5 pg ul!) and either minicircle donor (Tubb3-MC) or 
HDR donor (Tubb3-HDR) vectors (0.8 jig pl 1). 50411 of 10 mg ml“! tamoxifen 
(Sigma) dissolved in corn oil were injected to P10 and P11 electroporated pups for 
induction of the Cas9 expression. The GFP knock-in efficiency was measured by 
the percentage of GFP* cells among transfected cells (mCherry*). 

RT-PCR from neonatal mouse brain. The DNA mixtures were transfected by 
in utero electroporation at E15.5 of mouse brain and the mice were euthanized 
at P10. The collected brains from P10 mice were trypsinized for 40 min at 37°C, 
then dissociated to single cells by pipetting. About 22,000 electroporated cells were 
collected by FACS sorting (SH-800, Sony). Total RNA was extracted from the sorted 
cells with RNeasy mini kit (Qiagen) and cDNA was synthesized by SuperScript 
VILO (Invitrogen). RT-PCR was performed with PrimeSTAR GXL polymerase as 
following the manufacturer's protocol with 10% of 5 M betaine solution (Sigma). 
In vivo muscle electroporation. The DNA mixture for Scramble control (251g 
of pCAG-1BPNLS-Cas9-1BPNLS, 25 jug of Scramble-gRNA-mCherry and 101g 
of Ail4-GFPNLS-MC-scramble), without Cas9 (25 jg of empty vector, 25 1g of 
Ail4gRNA-mCherry and 10j1g of Ail4-luc-MC or Ail4-GFP-MC) and with Cas9 
(25 1g of pCAG-1BPNLS-Cas9-1BPNLS, 251g of Ail4gRNA-mCherry and 101g 
of Ail4-luc-MC or Ail4-GFP-MC) were prepared in 2511 TE. Wild-type or Ail4 
mice were anaesthetized with intraperitoneal injection of ketamine (100 mg kg ') 
and xylazine (16 mg kg” !). For quadriceps muscle electroporation, a small portion 
of the quadriceps muscle was surgically exposed in the hind limb. Plasmid DNA 
mixture was injected into the muscle using a 29-gauge insulin syringe. One minute 
following plasmid DNA injection, a pair of electrodes was inserted into the muscle 
to a depth of 5mm to encompass the DNA injection site and muscle was electropo- 
rated using an Electro Square Porator T820 (BTX Harvard Apparatus). Electrical 
stimulation was delivered twenty pulses at 100 V for 20 ms. After electroporation, 
skin was closed and mice were recovered on a 37°C warm pad. For panniculus 
carnosus muscle electroporation, the hair of back skin was depilated with 
depilatory cream. The above mixture of DNA solutions were conjugated and 
subcutaneously injected to right and left side, respectively. The injected areas of 
skin and subcutaneous tissue was vertically sandwiched by plate-and-fork type 
electrodes, consist of a pair of stainless-steel tweezers, one with a rectangular plate, 
10mm long and 5mm wide, and the other with a fork consisting of three straight 
needles at 2.5 mm intervals, which are 10 mm long and 0.5 mm in diameter. The 
interface of skin and the rectangular electrode was covered with electroconductive 
gel (SpectraGel 360, Parker Labs). Twenty 18 V/50 ms/1 Hz square pulses followed 
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by another 20 pulses of the opposite polarity were delivered using Electro Square 
Porator T820. Two weeks after the electroporation, mice were euthanized, and 
tissues were obtained. 

Tissue pressure-mediated transfection. The DNA mixture without Cas9 (100 1g 
of empty vector, 100j1g of Ail4gRNA-mCherry and 50j1g of Ail4-luc-MC) 
and with Cas9 (100 1g of pCAG-1BPNLS-Cas9-1BPNLS, 100 1g of Ail4gRNA- 
mCherry and 50}1g of Ail4-luc-MC) were prepared in 200 1] saline. A midline 
laparotomy was performed and the right kidney of wild-type or Ail4 mouse was 
exteriorized. After exposure of kidney, mice were intravenously injected with 
plasmid DNA mixture, immediately followed by pressing the right kidney gripped 
between thumb and index finger 20 times for a period of 1s each as described 
previously’. 

In vivo electroporation for kidney. The DNA mixture for Scramble control (100}1g 
of pCAG-1BPNLS-Cas9-1BPNLS, 100j1g of Scramble-gRNA-mCherry and 501g 
of Ail4-GFPNLS-MC-scramble), without Cas9 (100 1g of empty vector, 100 1g 
of Ail4gRNA-mCherry and 50,1g of Ail4-GFP-MC) and with Cas9 (100 1g of 
pCAG-1BPNLS-Cas9-1BPNLS, 100 1g of Ail4gRNA-mCherry and 50 1g of Ail4- 
GFP-MC) were prepared in 2001] saline. A midline laparotomy was performed. 
The right kidney of Ail4 mouse was exteriorized and subsequently decapsulated, 
leaving the adrenal gland intact. The exposed kidney was pricked with electrode 
needles after injection of plasmid DNA mixture from tail vein and subsequently 
received electroporation 100 V, 50 ms pulse, six times using an Electro Square 
Porator T820. 

Luciferase detection. Mice were examined at 2 weeks after DNA transfection 
or electroporation by BLI performed using an IVIS Kinetic 2200 (Caliper Life 
sciences). Mice were IP injected with 150 mg kg"! p-Luciferin (BIOSYNTH), 
anaesthetized with isoflurane and dorsal images were then captured 10 min post 
luciferin injection. 

AAV infection in mouse primary neuron. Primary cultures of neurons were 
used after three days in culture, the AAV solution (without Cas9, AAV-mTubb3 
(1.5 x 10!° GC); with Cas9, AAV-Cas9 (1.5 x 10!° GC) and AAV-mTubb3 
(1.5 x 10!° GC)) was added and cultures were kept at standard conditions for 
5 days, following immunocytochemistry or DNA extraction. 

Stereotax AAV injection in adult brain. C57BL/6 mice received AAV8 injections 
at P75. We used 1:1 mixture of AAV-Cas9 (1.5 x 10° GC ml~!) and AAV-mTubb3 
(2.3 x 10° GC ml"!). Asa control, 1:1 mixture of AAV-mTubb3 and HBSS buffer 
was used. Mice were anaesthetized with 100 mg kg! of ketamine and 10mg kg! of 
xylazine cocktail via intra-peritoneal injections and mounted in a stereotax (David 
Kopf Instruments Model 940 series) for surgery and stereotaxic injections. Virus 
was injected into the centre of V1, using the following coordinates: 3.4mm rostral, 
2.6mm lateral relative to bregma and 0.5-0.7 mm ventral from the pia. We injected 
200 nl of AAVs using air pressure by picospritzer (General Valve Corp). To prevent 
virus backflow, the pipette was left in the brain for 5-10 min after completion of 
injection. Mice were housed for two weeks to allow for gene knock-in. 
Intramuscular AAV injection. Ail4 mice were anaesthetized with intraperitoneal 
injection of ketamine (100 mg kg~') and xylazine (16 mg kg”). A small portion of 
the quadriceps muscle was surgically exposed in the hind limb. The AAV8 mixture 
(without Cas9, AAV-Ail4-HITI (1.5 x 10!° GC); with Cas9, AAV-Cas9 (1.5 x 10!° 
GC) and AAV-Ail4-HITI (1.5 x 10!° GC)) was were injected into the quadriceps 
muscle using a 29 Gauge insulin syringe. After AAV injection, skin was closed and 
mice were recovered on a 37°C warm pad. 

Intravenous (IV) AAV injection. The newborn (P1) of Ail4 mice were used for 
IV AAV8 or AAV9 injection following a previous report*’. The AAV mixtures 
(without Cas9, AAV-Ail4-HITI (5 x 10"? or 2 x 10!’ GC); with Cas9, AAV-Cas9 
(5 x 10!° or 2 x 10!! GC) and AAV-Ail4-HITI (5 x 10! or 2 x 10!! GC); Scramble 
control, AAV-Cas9 (5 x 10'° GC) and AAV-Ail4-Scramble (5 x 10'° GC); HDR, 
AAV-Cas9 (5 x 10!° GC) and AAV-Ail4-HDR (5 x 10!° GC)) were injected via 
temporal vein of the P1 mouse. 

Tail vein AAV injection. The AAV8 mixtures (without Cas9, AAV-Ail4-luc 
(2 x 10!! GC); with Cas9, AAV-Cas9 (2 x 10!! GC) and AAV-Ail4-luc (2 x 10!! 
GC)) were injected via tail vein for luciferase knock-in. The AAV mixtures 
(without Cas9, AAV-Ail4-HITI (2 x 10!! GC); with Cas9, AAV-Cas9 (2 x 10!! GC) 
and AAV-Ail4-HITI (2 x 10!! GC)) were injected via tail vein for GFP knock-in. 
Image capture and measurement of in vivo GFP knock-in efficiency. For immu- 
nocytochemical analyses, the cells and tissues were visualized by confocal micros- 
copy using a Zeiss LSM 780 Laser Scanning Confocal or Olympus FV1000 confocal 
microscope (Olympus). At least five pictures were obtained from each group and 
animal. We analysed at least three animals. Pictures were analysed with ZEN 2 
(blue edition) and NIH Image] (FIJI) software. For the mouse primary neurons 
and human pan neurons analyses, the total number of positive cells for each marker 
were directly counted with the multi-point tool of NIH Image] software. The 
percentage of GFP* cells was calculated among transfected cells (mCherry*) or 
total cells (DAPI*). The intracellular distribution of GFP was observed in around 


100 independent events for each condition, where the focused cell was observed at 
different stacks to determine the presence or absence of GFP at the nucleus space. 
To assess the efficiency of GFP knock-in in brain after local AAV injection, we 
counted number of GEP*, mCherry* and DAPI* cells of 300 1m within injection 
sites and determined the GFP knock-in efficiency per infected cells or per cell. To 
assess the efficiency of GFP knock-in in liver, heart and muscle after systemic AAV 
injection, we counted the number of GFPt and DAPI* cells and determined the 
GFP knock-in efficiency per cell. 

Single-cell genotyping. To collect GFP-positive single cells from muscle and 
heart of AAV-injected mouse, animals were harvested after transcardial perfusion 
using PBS. Organs were dissected out and isolated as single cells with published 
methods‘, The single nuclei per cell was confirmed by fluorescent microscope 
with DAPI staining and separated by BD influx cell sorter. Each single GFP* 
cell was sorted into 5411 of lysis buffer from PicoPure DNA Extraction Kit by BD 
influx cell sorter and used as a template for first round of PCR to amplify the 
target genome with PrimeSTAR GXL polymerase following the manufacturer's 
protocol. The first round of PCR product was purified using Agencourt AMPure 
XP (Beckman Coulter), then subject to second round PCR and sequencing to 
confirm the genotype. Based on sequencing result of 5’ junction end, single cell 
genotyping can separate biallelic GFP knock-in, monoallelic GFP knock-in with 
indels at another target, monoallelic GFP knock-in without indels at another target, 
and unknowns. 

Targeted deep sequencing. The top 12 predicted off-target sites were searched 
using The CRISPR Design Tool”. The on-target and potential off-target regions 
were amplified using PrimeSTAR GXL DNA polymerase from the liver DNA via 
IV injection and used for library construction. Equal amounts of the genomic DNA 
was used to amplify genomic regions flanking the on-target and top 12 predicted 
off-target nuclease binding sites for library construction. Next, PCR amplicons 
from previous step were purified using Agencourt AMPure XP, then subject to 
second round PCR to attach Illumina P5 adapters and sample-specific barcodes. 
The purified PCR products were pooled at equal ratio for single-end sequencing 
using Illumina MiSeq at the Zhang laboratory (UCSD). The raw reads were 
mapped to mouse reference genome mm9 or custom built Ail4 mouse genome 
using BWA“. High quality reads (score >30) were analysed for indel events and 
Maximum Likelihood Estimate (MLE) calculation as previously described*’. As 
next generation sequencing analysis of indels cannot detect large size deletion 
and insertion events, CRISPR/Cas9 targeting efficiency and activity shown above 
is underestimated. 

Subretinal injection in rats. Congenic RCS rats at 21 days old were used in 
the study and divided into three groups. RCS group is non-injection control. 
The Cas9 + HITI group received a subretinal injection of 2 jl of AAV8 mixture 
(AAV-Cas9 (1.5 x 10'° GC) and AAV-rMertk-HITI (1.5 x 10'° GC)) in the eyes. 
The Cas9 + HDR group received a subretinal injection of 21 of AAV8 mixture 
(AAV-Cas9 (1.5 x 10'° GC) and AAV-rMertk-HDR (1.5 x 10° GC)) in the eyes. 
Wild-type rats without an injection served as a normal control. Experimental rats 
were anaesthetized with an intraperitoneal injection of a mixture of ketamine and 
xylazine. Pupils were dilated with 1% topical tropicamide. Subretinal injection 
was performed under direct visualization using a dissecting microscope with a 
pump microinjection apparatus (Picospritzer III; Parker Hannifin Corporation) 
and a glass micropipette (internal diameter ~50-75 1m). Two microlitres of AAV 
mixture was injected into the subretinal space through a small scleral incision. 
A successful injection was judged by creation of a small subretinal fluid bleb. 
Fundus examination was performed immediately following injection, and rats 
showing any sign of retinal damage such as bleeding were discarded and excluded 
from the final animal counts. 

ERG recording. To monitor the efficacy of gene knock-in in vision rescue, ERG 
studies were performed at 4 weeks after treatment before the animals were eutha- 
nized for histology. The dark-adapted ERG response was recorded as described 
previously”. In brief, rats were dark-adapted for 14h before the commencement 
of each ERG recording session. They were deeply anaesthetized as described for 
the surgical procedure above. Eyes were treated with 1% topical tropicamide to 
facilitate pupillary dilation. Each rat was tested in a fixed state and manoeuvred into 
position for examination within a Ganzfeld bowl (Diagnosys LLC). One active lens 
electrode was placed on each cornea, with a subcutaneously placed ground needle 
electrode positioned in the tail and the reference electrodes placed subcutaneously 
in the head region approximately between the two eyes. Light stimulations were 
delivered with a xenon lamp at 0.01 and 0.3 cds m~? in a Ganzfeld bowl. For the 
flicker ERG measurement, rats were adapted at a background light of 10 cds m”, 
and light stimulation was set at 30 cds m7. The recordings were processed using 
software supplied by Diagnosys. 

Histological analysis of the rat eye. Following ERG recordings, rats were eutha- 
nized and retinal cross-sections were prepared for histological evaluation of ONL 
preservation. Rats were euthanized with CO,, and eyeballs were dissected out and 
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fixed in 4% PFA. Cornea, lens, and vitreous were removed from each eye without 
disturbing the retina. The remaining retina-containing eyecup was infiltrated with 
30% sucrose and embedded in OCT compound. Horizontal frozen sections were 
cut on a cryostat. Retinal cross-sections were prepared for histological evaluation 
by staining with haematoxylin and eosin (H&E). 

DNA and RNA analyses of the rat eye. Following ERG recordings, rats were 
euthanized. DNA and RNA were isolated from retina-choroid complex using 
an AllPrep DNA/RNA Mini Kit (Qiagen). DNA was further used for PCR 
and TOPO sequencing. cDNA was synthesized from RNA using a Superscript 
III reverse transcriptase kit (Invitrogen) according to the manufacturer’s 
instructions. Quantitative PCR was performed via 40 cycle amplification using 
following primers (MertK-F1: GCATTTCGTGGTGGAAAGAT, MertK-R1: 
TGGGATCAGACACAACCTCTC) and Power SYBR Green PCR Master Mix ona 
7500 Real-Time PCR System (Applied Biosystems). Measurements were performed 
in triplicate and normalized to endogenous GAPDH levels. The relative fold change 
in expression was calculated using the AAC, method (C; values <30). 

Data availability. The analysis for insertion and deletion (indel) events and 
Maximum Likelihood Estimate (MLE) calculation were done as previously 
described**. All custom scripts can be provided upon request. Raw Illumina 
sequencing reads for this study have been deposited in the National Center for 
Biotechnology Information Short Read Archive and accessible through SRA 
accession number SRP069844. 
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Extended Data Figure 1 | Optimization of donor vectors for HITI in 
HEK293 cells. a, Schematic of NHEJ-mediated targeted genome editing 
and different HITI donor vectors with Streptococcus pyogenes Cas9. Blue 
pentagon, Cas9/gRNA target sequence. Black line within blue pentagon, 
Cas9 cleavage site. GOI, gene of interest; DSBs, double strand breaks; 
Indels, insertions and deletions. b, Surveyor nuclease assay performed 
with Cas9, Scramble-gRNA, and different donor plasmids 
(IRESmCherry-MC or IRESmCherry-MC-scramble) in the GFP- 
correction HEK293 line. The two lower bands are cleaved DNA 
products by Surveyor nuclease, indicating that Cas9/Scramble-gRNA 
cut scramble target sequence on the donor, but not genomic sequence. 
c, Representative immunofluorescence images of the targeted gene 
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integration in the GFP-correction HEK293 line by HDR and HITI. Scale 
bar, 100 jm. d, Time course studies of the percentages of mCherry” cells 
with different HITI targeting vectors. e, The percentage of mCherry* cells 
on day 79 versus day 7. f, The CpG methylation status of the mCherry gene 
at early (day 10) and late passages (day 79) with different HITI targeting 
vectors. Two black half-arrows indicate primers for bisulphite sequencing. 
g, The effect of the NHEJ inhibitor (NU7026; 301M) on knock-in 
efficiencies by HDR and HITI. Results were obtained from three 

replicate wells and presented as mean + s.d. The input data points 

were shown as black dots. N.S., not significant. **P < 0.01, unpaired 
Student’s t-test. For gel source image, see Supplementary Fig. 1. For 
source data, see Supplementary Table 5. 
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Extended Data Figure 2 | Sequencing analyses of the IRESmCherry 
knock-in clones via HITI in HEK293 cells. a, Analysis of the direction of 
targeted insertion for HITI with IRESmCherry-MC donor. Detection of 
reverse integrated IRESmCherry-MC from mCherry~ single-cell colonies 
via PCR. Only one (no. 30, highlighted in red) out of 48 mCherry~ clones 
(non-transfected, non-edited or reverse integrated) was integrated in 
reverse direction with a 10-bp deletion at junction site revealed by PCR 
and sequencing analysis. b, Sequences of the 5’ and 3’ junction sites of 
mCherry* clones after IRESmCherry knock-in by HITI in the GFP- 
correction HEK293 line with IRESmCherry-1c donor. The blue pentagon 
and sequence highlighted in yellow indicate the Cas9/gRNA target 
sequence. The black line within the blue pentagon indicates the Cas9 
cleavage site. The PAM sequence is underlined. c, Sequences of the 

5’ and 3’ junction sites of mCherry* clones after IRESmCherry knock-in 
by HITI in the GFP-correction HEK293 line with IRESmCherry-2c donor. 
d, Sequences of the 5’ and 3’ junction sites of mCherry* clones after 
IRESmCherry knock-in by HITI in the GFP-correction HEK293 line with 


IRESmCherry-MC donor. e, Sequences of the 5’ junction site of 
mCherry* clones after IRESmCherry knock-in by PITCh or HITI 

in the GFP-correction HEK293 line with IRESmCherry-MH donor. 

f, Sequences of the 5’ junction site of mCherry~ clones after 
IRESmCherry knock-in by HDR or HITI in the GFP-correction 

HEK293 line with IRESmCherry-HDR-2c donor. g, The fidelity 

of 5’ and 3 junction sites of mCherry* clones after IRESmCherry 
knock-in by HITI in the GFP-correction HEK293 line with 
IRESmCherry-1c, IRESmCherry-2c and IRESmCherry-MC donor. 

n, number of analysed clones. h, IRESmCherry-MC donor was transfected 
into the GFP-correction HEK293 line which has five copies of the target 
sequence in the genome. The ratio of IRESmCherry knock-in and 
mutation at all target loci of mCherry* clones and the ratio of unmodified, 
mutated and reverse integrated target loci of mCherry” clones were 
examined by sequencing. n, number of analysed clones. For gel source 
images, see Supplementary Fig. 1. For source data, see Supplementary 
Table 6. 


© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. 


dCas9 (No NLS) 
dCas9-1NLS 
dCas9-2NLS 
dCas9-3NLS 
1NLS-dCas9-1NLS 
1NLS-dCas9-3NLS 
2NLS-dCas9-2NLS 
2NLS-dCas9-3NLS 
3NLS-dCas9-3NLS 
dCas-1BPNLS 


1BPNLS-dCas9-1BPNLS 


Ratio of Nuclear/Cytoplasm 


LETTER 


DAPI Flag Merge 


dCas9 (No NLS) 


dCas9-1NLS 
dCas9-2NLS 
dCas9-3NLS 


1NLS-Cas9-1NLS 


— Bia see 


uke 
gs Ss 32 8S 8 8&8 8 SF 2 
225 3 Fe FG Ee E af 
2¢ %¢ @ @¢ $@ @ @ @ ra 
= % % % % & % CI s as 
3 8 &8 ¢ fF F F 8 8 
8 222 2 3 g 2NLS-dCas9-2NLS 
n= 6 6 5 6 6 8 4 8 6 9 
a 
em) g a 
2 Zz & 2NLS-dCas9-3NLS 
3 3 3 
2 5 5 5 
769 bp 
3NLS-dCas9-3NLS 
453 bp 
316 bp 
KCNQ1 
1BPNLS-dCas9 
* 
12 
_~ 10 - 
Se 1BPNLS-dCas9 
Tee . -1BPNLS 
x 
Zz 4 
sa i” 
0 —— 
Cas9 Cas9 Cas9 
NG -NLS +NLS +BPNLS 
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constructs with different nuclear localization signals. b, Representative (Cas9 (no NLS)), Cas9 +NLS (1NLS-Cas9-1NLS) and Cas9 +BPNLS 
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as mean + s.e.m. The input data points were shown as black dots. shown as black dots. *P < 0.05, paired Student's t-test. For gel source 
**P < 0.01, unpaired Student's t-test. d, e, Characterization of Cas9 image, see Supplementary Fig. 1. For source data, see Supplementary 
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Extended Data Figure 4 | In-depth analyses of GFP knock-in in mouse 
primary neurons. a, b, Characterization of cultured primary neurons. 
Representative immunofluorescence images (a) and quantification (b) 
show that all of the neurons are EdU negative in this culture condition. 

All EdU* cells were GFAP-positive glia, fractin-positive apoptotic cells, 

or fragmented cells. Results were obtained from 15 technical replicates 
and presented as mean. c, The percentage of knock-in cells (GFP*) per 
transfected cells (mCherry*) with HDR donor (Tubb3-HDR), PITCh 
donor (Tubb3-MH), 1-cut donor (Tubb3-1c), 2-cut donor (Tubb3-2c), 
2-cut donor without polyA (Tubb3-2cd), or minicircle donor (Tubb3-MC). 
n, number of technical replicates. Results were presented as mean + s.d. 
The input data points were shown as black dots. d, Left panel, schematic 
showing inserted DNA sequences, with or without bacteria backbone, with 
different HITI donors. Blue pentagon and yellow highlight, Cas9/gRNA 
target sequence. Black line within blue pentagon, Cas9 cleavage site. 


LETTER 


Underlined sequence, PAM sequence. pA, polyA. Right panel, subcellular 
distribution of TUBB3-GFP. n, number of analysed cells. e, Representative 
fluorescence images of the primary neurons transfected with BPNLS-Cas9, 
gRNA, and different donor plasmids (Tubb3-MC-scramble, Tubb3-HDR, 
Tubb3-MH, Tubb3-1c, Tubb3-2c, Tubb3-2cd or Tubb3-MC). Different 
intracellular localization patterns of TUBB3-GFP were observed for 
different donors. Scale bar, 100m. f, Left panel, schematic of knock-in 
by Tubb3-2c and Tubb3-MC donor at the 5’ and 3’ ends of Tubb3 coding 
region. Black half-arrows indicate PCR primers for detecting integrated 
sequences. Right panel shows the PCR result. g-i, Sequences of the 5’ and 
3 junction sites after GFP knock-in by HITI in mouse primary neurons 
with Tubb3-2c (g), Tubb3-2cd (h) and Tubb3-MC (i) donor plasmids. 

For gel source images, see Supplementary Fig. 1. For source data, see 
Supplementary Table 8. 
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Extended Data Figure 5 | HITI-mediated GFP knock-in in neurons in 
vitro and in vivo. a, The percentage of knock-in (GFP*) cells in mouse 
primary neurons per transfected cells (mCherry*) with empty vector 
(—Cas9), Cas9 (+.NLS) and Cas9 (+BPNLS). n, number of technical 
replicates. Results were presented as mean + s.e.m. **P < 0.01, unpaired 
Student's t-test. b, Representative immunofluorescence images of human 
ES cell-derived pan neurons transfected with BPNLS-Cas9, gRNA, and 
different donor plasmids (hTUBB3-1c or hTUBB3-2c). Scale bar, 100m. 
c, PCR analysis of integrated GFP gene at TUBB3 locus in human ES cell- 
derived pan neurons. d, e, Sequences of the 5’ junction sites after GFP 
knock-in by HITI in human ES cell-derived pan neurons with TUBB3-1c 
donor (d) and TUBB3-2c donor (e). f, Upper panel, schematic of GFP 
knock-in at the 3’ end of the Tubb3 coding region via Tubb3-MC donor 
in the neonatal mouse brain. Black half-arrows indicate PCR primers 

for detecting integrated sequences. Lower panel, genomic PCR results 


LETTER 


showing transgene integration at both 5’ and 3’ ends. g, Schematic of 

in vivo targeted GFP knock-in by HITI in the neonatal mouse brain. 
CAG-floxSTOP-Cas9, inducible BPNLS-Cas9 expression plasmid. ERT2- 
Cre-ERT2, tamoxifen (TAM) inducible Cre expression plasmid. Donor 
plasmids: Tubb3-HDR or Tubb3-MC. Tamoxifen was injected at P10 and 
P11. Mice were analysed at P21. h, Representative fluorescence images of 
GFP knock-in at the Tubb3 locus in neonatal mouse brain by inducible 
Cas9 expression with HDR donor (Tubb3-HDR) or minicircle HITI 
donor (Tubb3-MC). Scale bar, 100 jm. i, Relative knock-in efficiencies of 
HDR and HITI donors with or without tamoxifen treatment. n, number 
of pups obtained from two pregnant mice. Results were presented as 
mean + s.d. The input data points were shown as black dots. **P < 0.01. 
N.S., not significant. Unpaired student's t-test. For gel source images, see 
Supplementary Fig. 1. For source data, 

see Supplementary Table 9. 
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Extended Data Figure 6 | HITI via in vivo DNA transfection. 

a, Schematic for in vivo targeted GFP-NLS or luciferase gene knock-in 
by HITI. CAG-Cas9, gRNA (Ail4gRNA or Scramble-gRNA)-mCherry 
and minicircle donor (Ail4-GFPNLS-MC-scramble, Ail4-luc-MC- 
scramble, Ail4-GFPNLS-MC or Ail4-luc-MC) were locally delivered 

to mouse kidney or muscle via pressure-mediated transfection and/or 
electroporation at 8 postnatal weeks and analysed 2 weeks later. 

b, In vivo imaging of luciferase signals at day 2, day 8, and day 14 post- 
intramuscular injection of luciferase HITI constructs. Right leg (—Cas9) 


was injected with empty plasmid, Ail4gRNA-mCherry, and Ail4-luc-MC. 


Left leg (+Cas9) was injected with CAG-Cas9, Ail4gRNA-mCherry, and 
Ail4-luc-MC. Top, control wild-type (WT) mouse. Bottom, Ail4 mouse. 
c, Representative immunofluorescence images of GFP expression after 
intramuscular electroporation of GFP-NLS HITI constructs into Ail4 
mouse quadriceps (left panel) and panniculus carnosus (right panel). 
Top panel, donor-cut only control (CAG-Cas9, Scramble-gRNA- 
mCherry, and Ail4-GFPNLS-MC-scramble). Middle panel, no Cas9 
control (empty plasmid, Ail4gRNA-mCherry, and Ail4-GFPNLS-MC). 
Bottom panel, GFP-NLS HITI (CAG-Cas9, Ail4gRNA-mCherry, and 


LETTER 


Ail4-GFPNLS-MC). Insets, higher magnification images. Scale bar, 100 1m. 
d, In vivo imaging of luciferase signals at days 7 and 14 after pressure- 
mediated kidney transfection of luciferase HITI constructs. Left mouse 
(—Cas9) was delivered with empty plasmid, Ail4gRNA-mCherry 

and Ail4-luc-MC. Right mouse (-++Cas9) was delivered with CAG- 

Cas9, Ail4gRNA-mCherry and Ail4-luc-MC. Top, control wild-type 
mouse. Bottom, Ail4 mouse. e, Ex vivo luciferase imaging of stomach 
and oesophagus (St-++E), heart (H), liver (Li), spleen (Sp), lungs (Lu), 
right (R) and left (L) kidney (K), pancreas (Pa), small intestine (SI), 
caecum (Ce) and colon (Co). Arrow shows luciferase signal in the right 
kidney. Top, wild-type mouse. Bottom, Ail4 mouse. f, Representative 
immunofluorescence images of GFP expression after electroporation of 
GFP-NLS HITI constructs into Ail4 mouse kidney. Top panel, donor- 
cut only control (CAG-Cas9, Scramble-gRNA-mCherry and Ail4- 
GFPNLS-MC-scramble). Middle panel, no Cas9 control (empty plasmid, 
Ail4gRNA-mCherry and Ail4-GFPNLS-MC). Bottom panel, GFP-NLS 
HITI (CAG-Cas9, Ail4gRNA-mCherry and Ail4-GFPNLS-MC). Scale 
bar, 100 ,.m. 
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Extended Data Figure 7 | AAV8-mediated HITI in cultured mouse 
primary neurons. a, Representative immunofluorescence images of 
neurons infected with AAV-Cas9 and AAV-mTubb3. AAVs were packaged 
with serotype 8. Insets, higher magnification images. Scale bar, 50 1m. 

b, Representative immunofluorescence images of GFP knock-in at the 
Tubb3 locus in pan neurons after AAV8 infections. Top panel, AAV- 
mTubb3 only. Bottom panel, AAV-Cas9 and AAV-mTubb3. Scale bar, 
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100m. The absolute GFP knock-in efficiency was shown in the upper 
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right corner of the picture. Results were obtained from three technical 
replicates and presented as mean +s.d. ¢, Intracellular distribution of the 
GFP expression after AAV8 infection (AAV-Cas9 and AAV-mTubb3). 


lidation of correct gene knock-in by 


PCR. e, Sequences of the 5/ and 3’ junction sites after GFP knock-in by 
HITI. For gel source image, see Supplementary Fig. 1. For source data, 
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Extended Data Figure 8 | HITI via in vivo local injection of AAVs. 
a, Schematic of AAV vectors for inserting GFP-NLS downstream of 
the CAG promoter at the Ail4 Rosa26 locus. The AAVs were packaged 
with serotype 8. Half-arrows indicate PCR primers to validate correct 


gene knock-in. b, Schematic of the experimental design for in vivo 
targeted GFP-NLS gene knock-in by HITI via intramuscular (IM) 


injection in Ail4 mice. AAV8s (AAV-Cas9 and AAV-Ail4-HITI) were 


injected into quadriceps at 8 postnatal weeks and analysed at 12 weeks. 

c, Immunofluorescence analysis of GFP expression after IM delivery of 
AAV8s. Top panel, no Cas9 control (AAV-Ail4-HITI only). Bottom panel, 
GFP-NLS HITI (AAV-Cas9 and AAV-Ail4-HITI). Dystrophin was used as 
a marker for muscle cytoskeletal protein. Scale bar, 100|1m. d, Schematic 
and sequencing analyses of 5’ and 3’ junctions of the integration sites for 
Mertk exon 2 inserted by HITI in the eyes of RCS rats. 
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Extended Data Figure 9 | HITI-mediated GFP-NLS knock-in via 
systemic intravenous injection in neonatal Ail4 mice. a, Representative 
immunofluorescence images of GFP expression in the brain, muscle, 
kidney, adrenal gland, spleen, lung and choroid plexus of the eye after 
intravenous injection of AAV-Cas9 and AAV-Ail4-HITI. AAVs were 
packaged with serotype 8. Insets, higher magnification images. Scale 

bar, 100\1m. b, Comparison of HDR- and HITI-mediated targeted gene 
knock-in via systemic intravenous injection in neonatal mice. Left panel 
shows a schematic of AAV vectors for knock-in GFP downstream of the 
CAG promoter at the Ail4 Rosa26 locus. AAV-Ail4-scramble was used 


5? -GGGCGCTCTTCGAGGANCTTCTTAGGGECEGCGGACGCGTAAGCTTTGCAAAGATGGATAAA-3? 
5? - TTGGCAAAGAATTGATTTGATACCGCGGGCCCTAAGAAGTTCCTATTCTCTAGAAAGTATAG-3? 


| u 


5’ -GGGCGCTCTTCGAGGAACTTCTTAGGGCGCCCTAAGAAGTTCCTATTCTCTAGAAAGTATAG-3” 
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as a donor cut-only control. The HDR donor (AAV-Ail4-HDR) has 
homology arms at both ends of the GFP-NLS-pA cassette. The AAVs were 
packaged with serotype 8 and co-infected with AAV-Cas9 via IV, same 

as Fig. 4a. c, Absolute knock-in efficiency measured by the percentage of 
GFP* cells in the liver and heart by HDR or HITI. Results were obtained 
from five slides and presented as mean + s.d. **P < 0.01, unpaired 
Student's t-test. d, Sequencing analyses of the 5’ and 3’ junction sites of 
heart and liver cells after GFP-NLS knock-in by HITI via intravenous AAV 
injections. For source data, see Supplementary Table 11. 
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Extended Data Figure 10 | HITI via in vivo systemic injection of AAVs 
in mice. a, Schematic of AAVs for knock-in luciferase downstream of the 
CAG promoter at the Ail4 Rosa26 locus. AAVs (AAV-Cas9 and AAV- 
Ail4-luc) were systemically delivered via tail vein injection in 8-week- 
old Ail4 mice and analysed at 12 weeks. The AAVs were packaged with 
serotype 9. b, In vivo imaging of luciferase signals at days 14 and 28 
post-tail vein injection of luciferase HITI constructs. c, Ex vivo luciferase 
imaging analysis of testis (Te), stomach and oesophagus (St+E), heart 
(H), liver (Li), spleen (Sp), lungs (Lu), right (R) and left (L) kidney (K), 
pancreas (Pa), brain (Br), pituitary (Pi), right (R) and left (L) eye, (Ey), 


Tongue (To), small intestine (SI), caecum (Ce) and colon (Co). 

d, Representative immunofluorescence images of GFP expression in 

the liver after tail vein injection of HITI GFP-NLS gene knock-in AAV9. 
The absolute efficiency of GFP knock-in was shown in the bottom right 
corner. Results were obtained from five slides and presented as mean + s.d. 
Scale bar, 200 1m. e, A list of on- and off-target sites that were used to 
determine the indel frequency of HITI mediated genome modifications 
using genomic DNA isolated from the liver. The nucleotide letters shown 
in red are the individual mismatches in predicted off-target sites. 
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In this Letter, the 60-subunit protein assembly presented more strongly 
resembles a wireframe dodecahedron than an icosahedron. We thank 
the reader who drew this to our attention and we agree that all instances 
of the word “icosahedron” should be changed to “dodecahedron”. In 
addition, “20 pentameric faces” in the boldface first paragraph should 
have read “12 pentagonal faces’, and throughout the text “pentameric 
faces” should have read “pentagonal faces”. The original Letter has not 
been corrected. 
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In this Letter, the ArrayExpress accession number provided for the 
gene expression data for Sdhb-deficient cells should have been 
‘E-MTAB-4349, rather than the Affymetrix GeneChip platform acces- 
sion ‘A-AFFY-130’; this has been corrected in the online versions of 
the paper. 
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In this Letter, during the production process, one of the images in 
Fig. 3a was inadvertently labelled with the incorrect PDAC cell line 
name. The second picture from the left should have been labelled 
“hPSC-LC3 + 8988T”, rather than “hPSC-LC3 + Tu8902”, to match 
the quantification provided in Fig. 3b. This has been corrected in the 
online versions of the manuscript. 
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CORRECTIONS & AMENDMENTS 


ERRATUM 
doi:10.1038/nature20106 


Erratum: Pore-forming activity 
and structural autoinhibition of 


the gasdermin family 


Jingjin Ding, Kun Wang, Wang Liu, Yang She, QiSun, 
Jianjin Shi, Hanzi Sun, Da-Cheng Wang & Feng Shao 


Nature 535, 111-116 (2016); doi:10.1038/nature18590 


In this Article, owing to a typesetter error the ‘received date’ was incor- 
rectly shown as ‘6 March 2015’ instead of ‘6 March 20167; this has been 
corrected in the online versions of the paper. 
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ILLUSTRATION BY THE PROJECT TWINS. 


TOOLBOX 


A SPELLCHECKER 
FOR STATISTICS 


Researchers debate whether using software to automatically detect 
inconsistencies in papers improves the literature, or raises false alarms. 


ad 


BY MONYA BAKER 


ichéle Nuijten and her colleagues 
Me: rampant inconsistencies when 
they unleased statcheck on the psy- 
chological literature. The program scans articles 
for statistical results, redoes the calculations and 
checks that the numbers match. It went through 
30,717 papers to identify 16,695 that tested 
hypotheses using statistics. In half of those, it 
found at least one potential error (M. B. Nuijten 
et al. Behav. Res. Methods 48, 1205-1226; 2016). 
Nuijten did not alert the papers’ authors. But 


r 
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this August, her co-author Chris Hartgerink, 
a fellow methodologist at Tilburg University 
in the Netherlands, moved the focus from the 
literature in general to specific papers. He set 
statcheck to work on more than 50,000 papers, 
and posted its reports on PubPeer, an online 
forum in which scientists often dispute papers. 
That has prompted a sometimes testy debate 
about how such tools should be used. 
Hartgerink predicted that the posts would 
inform readers and authors about potential 
errors and “benefit the field more directly than 
just dumping a data set”. Not everyone agreed. 


& x 


On 20 October, the German Psychological 
Association warned that posting false findings 
of error could damage researchers’ reputations. 
And later that month, a former president of 
the Association for Psychological Science in 
Washington DC decried the rise of “uncurated, 
unfiltered denigration” through blogs and social 
media, and implied that posts from statcheck- 
like programs could be seen as harassment. 
Others foresee a positive change in the 
culture. Hartgerink and Nuijten have each 
received awards from organizations promoting 
open science. Andina PubPeer comment > 
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>» on the original statcheck 
paper, psychology researcher 
Nick Brown of the University of 
Groningen in the Netherlands 
wrote that science might benefit if 
researchers stopped assuming that 
posts on the forum indicated that 
there was “something naughty” 
in a paper, and instead thought, 
“There’s a note on PubPeer, I will 
read it and evaluate it like a sci- 
entist.” 

An automated tool makes 
researchers more likely to double- 
check their work, which is good for 
psychology, argues Simine Vazire, 
who studies self-perception at the 
University of California, Davis. “It 
will catch mistakes, but even more 
importantly it will make us more careful” 

That seems to appeal. Several thousand 
people have downloaded the free statcheck 
program, which works in the programming 
language R, or visited the web-based statcheck. 
io, which requires no programming knowledge. 
(Researchers who want to check selected results 
rather than whole papers can use online calcula- 
tors such as ShinyApps.) 


TECHNICAL CHECK 
Most psychology papers report statistical tests 
in a standardized format, with related param- 
eters that can be checked for inconsistencies. 
Statcheck — which so far works only for papers 
in this format — identifies and inspects a few 
common tests that calculate P values, a measure 
of how likely results are to arise by chance if, 
for instance, no real difference exists between 
two groups (see “What statcheck looks for’). 
Although statisticians have warned against it, a 
P value below 0.05 is often used as an arbitrary 
determiner of ‘statistical significance’ allowing 
results to be taken seriously and published. 
Most of the errors that statcheck catches seem 
to be typos or copy-and-pasting mistakes, says 
Daniel Lakens, a cognitive psychologist at 
Eindhoven University of Technology in the 
Netherlands. After reading the statcheck paper, 
he decided to analyse the errors it reported that 
changed a result’s statistical significance. He 
found three main categories. Often, a researcher 
had inserted an incorrect sign, such as P< 0.05 
instead of P=0.05. In other cases, the calcu- 
lations were set up to detect only particular 
relationships, such as positive or negative cor- 
relation, which was not always made explicit. 
Optimistic rounding was also common: P val- 
ues of 0.055 reported as P< 0.05 made up 10% of 
detected errors that changed statistical signifi- 
cance, a rate that Lakens calls depressingly high. 
But statcheck itself makes errors, says 
Thomas Schmidt, an experimental psycholo- 
gist at the University of Kaiserslautern in 
Germany, who wrote a critique of the pro- 
gram (T. Schmidt Preprint at http://arxiv.org/ 
abs/1610.01010; 2016) after it flagged two of 


Type of test 
The t-test assesses 


differences between 
two groups. 


Degrees of freedom 
Accounts for size of sample. 


WHAT STATCHECK LOOKS FOR 


This computer algorithm scans papers for statistical tests, uses reported results 
to recompute the P value and flags up inconsistencies. 


Test statistic 

Compares observed values 
with those expected under 
the null hypothesis. 


t(37) = 4.93 0.01 


P value 


differences as extreme, or more so, if 
the null hypothesis is true. 


his papers. For example, it does not always rec- 
ognize necessary statistical adjustments. 
When statcheck does detect an error, it can- 
not distinguish whether it is the P value or a 
related parameter that is incorrect. Schmidt says 
that, across the two of his papers that it scanned, 
statcheck failed to detect 43 P values, checked 
137 and noted 35 “potentially incorrect statisti- 
cal results” Of those, 2 reflected P-value errors 
that did not change significance, 3 reflected 
errors in other parameters but did not affect 
P values, and 30 were improperly flagged. 
Nuijten admits that statcheck can sometimes 
misidentify tests and overlook adjusted P val- 
ues, but she notes that, in her original paper, it 
found similar rates of error to manual checks. 
Nuijten and Hartgerink have been work- 
ing hard, mostly successfully, to keep conver- 
sations amiable. Nuijten has posted detailed 
explanations about how statcheck works, with 
smiley emoji and friendly exclamation marks. 
Hartgerink is updating PubPeer posts with an 
improved version of the software. Both note 
that anyone can add comments on PubPeer to 
explain statcheck’s results, and that the posts 
state that results are not definitive. “The one 
thing I try to repeat over and over is that stat- 
check is automated software that will never be as 
accurate as a manual check,” says Nuijten. 
Much of what statcheck flags up is trivial, 
but when authors do not respond, matters are 
left unresolved, says Elkan Akyiirek, a psychol- 
ogist at the University of Groningen. “Con- 
tent-based discussion is getting a bit flooded” 
Thought leaders such as neuropsychologist 
Dorothy Bishop of the University of Oxford, 
UK, worry that posts could distract from more 
serious discussions, or alienate people and 
make them less receptive to efforts to improve 
reproducibility. Heiko Hecht, a psychologist at 
Johannes Gutenberg University in Mainz, Ger- 
many, thinks it might have the opposite effect: 
“The program is still very immature, but in the 
long run could keep scientists honest.” Besides, 
he adds, if researchers made raw data available, 
anyone could check the results. 
Some authors have expressed gratitude 
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The likelihood of observing 


for a chance to correct mistakes, 
although several have said that they 
should have the chance to review 
posts before they are made public. 
At least three have responded on 
PubPeer to explain errors. Two of 
them told Nature that the errors 
were typos that did not affect 
P values and were too trivial to 
justify a formal correction. As for 
Vazire, she hopes that automated 
reports will help researchers to get 
used to post-publication commen- 
tary. “I think it will help desensitize 
us to criticism,” she says. 


EDITOR’S HELPER 

In July this year, the journal 
Psychological Science began 
running statcheck on submissions that got 
favourable first reviews, and discussing flagged 
inconsistencies with the authors. “I thought 
there might be some blowback or resistance,” 
says editor-in-chief Stephen Lindsay. “Reaction 
has been almost non-existent.” Of the few dozen 
runs so far, none of the errors has been egre- 
gious, he says, although there have been at least 
two instances in which authors have reported a 
Pvalue as 0.05 when it was 0.054. 

Lindsay says that statcheck reports are too 
confusing to share with authors directly. (For 
example, the program flags potential errors 
with the word TRUE.) Nuijten says that an 
upcoming version will be much more compre- 
hensible to non-programmers. Meanwhile, she 
says, her team has been talking to publishers 
Elsevier and PLOS about adopting the program 
at their titles. And statcheck may soon have 
company: a more-comprehensive commercial 
program called StatReviewer is under devel- 
opment by other researchers. It is designed to 
analyse papers from a variety of fields, not just 
to double-check calculations but also to ensure 
that reporting requirements are followed. 

Lindsay hopes that statcheck’s utility will fade 
over time as researchers stop manually enter- 
ing statistical outcomes into their manuscripts; 
instead, the values would be directly inserted by 
the programs that produced them, and linked 
to their scripts. “The methodological leaders are 
using things like R markdown,’ he says. 

As for Schmidt, he thinks that statcheck 
could be useful in manuscript preparation, but 
it is not for beginners. “The greatest risk dur- 
ing prepublication is that unsophisticated users 
overestimate the program, relying blindly on its 
output.” Lakens is sticking to a manual system: 
one author of a paper does the analyses, and 
another checks them. That can detect errors that 
statcheck will not, such as transposing results. 

That approach makes sense to Nuijten. Her 
goal was never to fix statistical analysis. Stat- 
check is more like a standard spellchecker, she 
says: “a handy tool that sometimes says stupid 
things” People laugh at the absurdities, but still 
use the tool to correct mistakes. m 


TORSTEN WITTMANN/SPL 


TECHNOLOGY FEATURE 


METABOLOMICS: SMALL 
MOLECULES, SINGLE CELLS 


Sensitive mass spectrometry and innovative cell-sampling techniques allow 
researchers to profile metabolites in single cells, but the field is still in its infancy. 


Researchers are developing innovative methods to understand the inner workings of individual cells. 


BY MARISSA FESSENDEN 


trial lab space that opens onto a field of 
grazing cattle, analytical chemist Renato 
Zenobi explains one of the fundamental prob- 
lems facing today’s cell biologists. He traces out 
a curve representing the average concentra- 
tion of a molecule in a theoretical cell popula- 
tion — a simple bell-shaped distribution. That 
distribution, he explains, can obscure complex- 
ity. To prove the point, he sketches two curves 
overlapping either side of the single peak, each 
representing a distinct phenotype in the popula- 
tion — and also consistent with that bell-shaped 
curve. “To really figure out if the distribution is 
multimodal or bimodal, you need to go down 
to the single-cell level? says Zenobi, at the Swiss 
Federal Institute of Technology (ETH) in Zurich. 
Cell heterogeneity is why some bacteria in 


S itting in his first-floor office, in an indus- 


a clonal population can develop antibacterial 
resistance. It also gives rise to the different cell 
subpopulations in the brain. And it explains 
tumour relapses. The tools to detect those 
differences are only just becoming available. 
“Recent technological advancements — 
especially those made just in the past two 
years — have revealed that individual cells 
within the same population may differ dramati- 
cally,’ says Ananda Roy, programme leader of 
the National Institutes of Health (NIH) Com- 
mon Fund working group for single-cell analysis 
in Bethesda, Maryland. “And these differences 
can have important consequences for health 
and disease.’ Funders worldwide have queued 
up to support single-cell research. The NIH has 
invested in special initiatives to support single- 
cell profiling, starting with US$2 million in 
2014, and almost 60 groups have now received 
awards under the programme. A collaboration 
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between universities and companies in Japan 
launched the Society for Single-Cell Surveyor, 
which awards grants and holds symposia on 
single-cell analysis and technologies. And in 
October, experts discussed launching the Inter- 
national Human Cell Atlas Initiative, which 
aims to chart every type of human cell and its 
properties — an ambitious task that relies heav- 
ily on single-cell analysis. 

Much of this work focuses on revealing 
cell-to-cell differences at the DNA level. Yet 
profiles of genes and epigenetic modifications 
merely outline a cell’s potential. The rapid, 
dynamic responses a living cell has to its envi- 
ronment are better reflected in the metabolic 
transformations — and the resulting patterns of 
small molecules — that keep the cell powered, 
cycling and communicating with others. 

“The metabolome is most directly related to 
the phenotype,’ says Caroline Johnson, an > 
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» analytical chemist at Yale School of Public 
Health in New Haven, Connecticut. It reveals 
the products of the genome and its protein out- 
put, as well as metabolites from diet, drugs and 
toxic compounds. 

Yet its complexity means that metabolomics 
has lagged behind other ‘omics. Unlike DNA 
and RNA, metabolites cannot be ampli- 
fied. Although some metabolites can reach 
millimolar concentrations, a single cell offers a 
limited volume for analysis. Exquisitely sensi- 
tive methods are needed to detect rarer com- 
pounds — and the abundances can change in 
seconds in a living cell. Metabolites also have a 
bewildering variety of structures. The Human 
Metabolome Database contains records for 
more than 42,000 metabolites, from sugars to 
peptides to cofactors. But the total may be sig- 
nificantly higher, and single analytical methods 
often struggle to capture the chemical diversity. 

Still, the field is advancing, thanks to leaps in 
detection capabilities, increasingly sophisticated 
ways of isolating and handling single cells and 
developments in bioinformatics. “We are get- 
ting close to making single-cell metabolomics 
robust,’ says Jonathan Sweedler, an analytical 
chemist at the University of Illinois at Urbana- 
Champaign. “I can't see exactly how it is going 
to work, but I look at the increase in detectability 
and throughput of mass spectrometry and I say 
it will happen.” 


PUSHING SENSITIVITY 

Profiling individual yeast cells allowed Zenobi's 
group to spot two phenotypes lurking in a 
genetically identical sample — one character- 
ized by low levels of a metabolite called fructose 
1,6-bisphosphate, and another with high levels’. 
The difference probably comes down to differ- 
ent glucose-utilization strategies. The insight 


SELECTED METABOLOMICS SOFTWARE 
Name Description 
Human Metabolome 
Database 

KEGG Pathway 


LipidBlast 
apMan 


MetaboAnalyst 


etabolites Biological 
Role (MBRole) 


MS-Dial 


OpenMS 


XCMS Online 


Yeast Metabolome 
Database 


doesn't have immediate biomedical applica- 
tions, Zenobi admits, but it does illuminate a 
fundamental way in which cells work. 

To draw such insights, Zenobi’s team uses 
sophisticated techniques to isolate cells and to 
boost the sensitivity of its analytical approaches. 
Researchers generally use either mass spectrom- 
etry or nuclear magnetic resonance (NMR) 
to drive metabolomics studies. But because 
NMR is less sensitive, mass spectrometry has 
emerged as the method of choice, and there are 
many variations to improve its detection abili- 
ties, throughput or simply make it easier to pull 
the contents out ofa cell. “The whole arsenal 
of mass spectrometry has been thrown at this 
problem,’ Zenobi says. 

Mass spectrometry involves ionizing a sample 
to lend a charge to its constituent molecules. 
The charge then means that magnetic plates 
can nudge the molecules as they fly through a 
vacuum. Each molecule deflects by a different 
amount, depending on its mass-to-charge ratio, 
such that by the time the molecules reach the 
detector, they have resolved into their compo- 
nent parts. The data appear as a complicated 
plot of unidentified peaks, each corresponding 
to a different molecular entity. 

The method is straightforward — except 
when applied to single cells. Attempting to 
detect just a few molecules in a vanishingly 
small volume pushes the limits of modern 
instrumentation. 

Zenobi uses a specialized silicon slide to 
individually deliver hundreds of single cells 
into the mass spectrometer. To the naked 
eye, the slides seem to be covered with a fine 
black mesh. The mesh is a coating of a poly- 
mer called polysilazane, which has been laser 
micro-machined to create hundreds to thou- 
sands of reservoirs, each a couple of hundred 


Free database of metabolites in the human body, including details relevant to 
chemical profiles, molecular biology and clinical chemistry. Links to pathway and 
structure-viewing tools and to other databases. 


Visualization tool linked to a collection of manually drawn pathway maps (KEGG 
database) with ability to locate and colour specific metabolites and pathways. 


A tandem-mass-spectral database for lipid identification. 


Tool for converting large data sets, such as those from gene-expression arrays, into 
metabolic pathway diagrams. Focuses on plant metabolomics. 


Complete workflow for metabolomics data processing and analysis for both mass 
spectrometry and nuclear magnetic resonance data with common statistical 
analyses and heat-map visualizations. 


Aserver that integrates chemical and biological annotations from a handful of 
databases to identify potentially important metabolites and other molecules. 


Downloadable program that spots and identifies peaks in mass-spectrometry 
data, developed for small molecules. 


Open-source library for C++-based data analysis and management that includes 
infrastructure for software development. Mainly for processing raw data. 


Cloud-based platform for metabolite profiling from raw liquid-chromatography 
and mass-spectrometry data and for data sharing. 


Manually curated collection of yeast metabolites and their chemical properties, 
with links to spectral and chemical databases. 
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micrometres in diameter. When the research- 
ers add a dilute solution of cells to the slide, the 
coating’s repellent properties ensure that some 
liquid, and one or two cells, end up in each 
reservoir. The researchers then direct the spec- 
trometer’s laser to target each well in turn. One 
configuration of these slides, called microarrays 
for mass spectrometry (MAMS), is available 
from MilliporeSigma in St. Louis, Missouri. 
Across the hall from Zenobi’s office, graduate 
student Robert Steinhoff demonstrates how the 
slide fits into a mass spectrometer. The research- 
ers use matrix-assisted laser desorption/ioni- 
zation (MALDIJ) coupled to a time-of-flight 
analyser, which requires them to spot their 
slides with a chemical matrix to drive ionization. 
By using a matrix that minimizes interference 
with the signal given off by small molecules, 
the team can detect 
metabolites in the 


ee 
Lacan cells low attomole (10° 
‘aercodnat FY, Seeoineie ane ae 

§ ae do so for about 1,000 
unexpectedly. cells per chip, which 


is relatively high 
throughput in the single-cell world. 

Steinhoff is also working to alter the substrate 
used in his reservoirs. “Making nanostruc- 
tures — pillars — within the spot helps us see 
things more reliably,” he explains. The mecha- 
nisms behind this effect aren't yet clear, but 
Steinhoff says that the cells end up clinging to 
the tops of the silicon columns. 

Sweedler has developed a high-throughput 
approach that uses a computer to guide the 
laser to individual cells spread across a slide. 
His team can process about 10,000 cells per 
slide in this way. But for a more comprehensive 
look at the metabolome, Sweedler takes it one 
cell at a time. He uses a modified patch-clamp 
tool, which typically records cellular electrical 
signals, to withdraw roughly three picolitres of 
cytoplasm (about 10-40% of the total volume) 
from individual brain cells and deliver it into a 
mass spectrometer. 

The limited throughput restricts analysis to a 
few dozen cells per experiment. Still, Sweedler’s 
group has used it to detect about 60 metabolites 
from 30 neurons and astrocytes in slices of rat 
brain’. The team focused on neurochemicals 
such as glutamate, but also detected amino acids 
and derivatives of ATP, among others. From 
that, they compiled unique profiles for the dif- 
ferent cell types, providing a window into the 
cell-to-cell heterogeneity that makes the brain 
so complex, Sweedler says. 


DIFFERENT STROKES FOR DIFFERENT SIZES 

When dealing with single cells, size matters. 
Plant cells can be anywhere from 10 to 
100 micrometres across. Mammalian cells tend 
to be smaller, on the scale of 10-20 micrometres. 
Microbial cells are smaller still, reaching down 
to the submicrometre range. As cell size varies, 
so too does the volume and thus the absolute 
number of metabolites. “It is obvious from an 
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analytical perspective there will be no single 
method that can deal with all these volumes,” 
says Akos Vertes, a chemist at George Washing- 
ton University in Washington DC. His lab uses 
different methods for different cell sizes. 

For the largest cells, the team uses a sharp- 
ened optical fibre to deliver infrared light 
directly into the cell. The light excites the 
oxygen-hydrogen bonds in the water of a cell, 
causing the cell to explode and eject its contents. 
The escaping material then meets an aero- 
solized, ionized liquid called an electrospray, 
which charges the molecules for mass spec- 
trometry. The advantage of this technique is that 
single cells can be profiled while still embedded 
in tissue. But it also can be very slow, because 
each cell generally needs to be poked with the 
fibre by “a very patient graduate student’, Vertes 
says. He recently automated the process, using a 
computer to manoeuvre the sample stage. 

The smallest cells are deposited on a 
nanopillar-covered surface, also made of 
silicon although fabricated differently from 
Steinhoff’s. Imaging the entire surface reveals 
where the instrument’s ion beam needs to aim 
to target single cells. With this method, the 
team can routinely detect metabolites at femto- 
mole (10° moles) levels’. But the investigators 
estimate their lower limit of detection at about 
800 zeptomoles (one zeptomole is 10 of a 
mole), or about 482,000 molecules. 

It is possible to go even smaller. Bioanalyti- 
cal chemist Andrew Ewing at the University 
of Gothenburg in Sweden examines the small- 
molecule content of neural vesicles. These 
vesicles are key to delivering and releasing 
chemicals into the space between cells to facili- 
tate cell-to-cell communication. “It’s tricky 
because you get very little signal with so few 
molecules in there,’ he says. 

Ewing uses an approach called nanoscale 
secondary ion mass spectrometry (NanoSIMS), 
which bombards a sample surface with a high- 
energy beam of caesium ions. This assault ejects 
charged particles from the surface, and they 
can then be analysed in a mass spectrometer to 
determine the material's composition. Ewing's 
group uses the method to assess distribution of 
the neurotransmitter dopamine. And by cor- 
relating the NanoSIMS data with transmission 
electron microscopy to observe a single vesicle 
as it loads and unloads dopamine, the research- 
ers determined that a vesicle’s inner shape might 
regulate how quickly this process happens’. 


SEEING IS BELIEVING 

At the RIKEN Quantitative Biology Center in 
Osaka, Japan, chemist Tsutomu Masujima uses 
a video feed to target single cells for mass spec- 
trometry. 

“Individual cells behave very interestingly 
and unexpectedly, so I like to see [them] as 
muchas possible,’ Masujima says. His approach 
involves inserting a nanospray needle directly 
into a cell under video observation, sucking out 
the contents and then using the same needle to 


The cytoplasm of a cell can now be extracted and 
its contents analysed. 


inject the contents into the mass spectrometer. 
Adding the visual component allows his group 
to complete delicate manoeuvres, such as cap- 
turing and analysing the amino acid and lipid 
contents of single white blood cells and tumour 
cells circulating in the blood’. 

But it also allows his team to estimate molec- 
ular abundance. Often, such a seemingly trivial 
calculation is complicated, because researchers 
aren't sure exactly how much volume they are 
analysing. So Masujima and his colleagues use 
3D microscopy to observe the cell before and 
after removing a small amount of cytoplasm. 
By measuring the resulting deformation, they 
can deduce the volume they removed as well as 
the location from which it was taken®. In one 
case, they sampled a cytosolic metabolite called 
methionine sulfoxide, determining that they 
had captured 5.9 zeptomoles of it. 


MAKING SENSE OF THE DATA 

Fortunately, says Gary Siuzdak, a chemist who 
heads the Scripps Center for Metabolomics and 
Mass Spectrometry in La Jolla, California, bio- 
informatics tools are available to make sense of 
such findings. 

Siuzdak’s centre runs a cloud-based 
metabololomic analysis platform called XCMS 
Online (see ‘Selected metabolomics soft- 
ware’), whose 12,000-plus users have collec- 
tively shared more than 120,000 jobs. Few of 
those jobs have involved single cells, Siuzdak 
acknowledges, but that doesn’t mean that they 
are inherently incompatible with the software. 
“On the bioinformatics side, I don't see a major 
issue with doing these experiments,’ he says. 

Rather, the main challenge with single- 
cell metabolomics is one of instrumentation: 
devices that can analyse enough single cells, and 
enough metabolites per cell, for the results to 
be statistically meaningful. “The primary issue 
with single cells is that the hardware still needs 
to be improved,” Siuzdak says. Studies tend 
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to profile tens or maybe a hundred different 
molecules. Buta single yeast cell can have some 
600 metabolites’. Asa result, even the most sen- 
sitive analytical techniques are picking up only 
the easiest-to-detect, most prevalent molecules 
ina cell; less-common ones fall below the radar. 

A possible solution to this problem, says 
computational biologist Jianguo Xia of McGill 
University in Montreal, Canada, may lie in 
population-based tools and in various ‘omics. 
“The pipelines and tools that have been devel- 
oped for metabolomics data sets generated from 
bulk cell populations can be reused,” he says. All 
that may be needed are slight modifications to 
the data-processing and normalization methods 
that researchers use. “Single-cell transcriptom- 
ics is already established, and we can learn from 
it to accelerate bioinformatics development for 
single-cell metabolomics,’ he adds. 

Other researchers are pursuing single-cell 
strategies that are based on methods other than 
mass spectrometry — in particular, using liv- 
ing cells. Matthias Heinemann, for instance, a 
former postdoc in Zenobi’s lab, now heads a 
molecular systems-biology group at the Uni- 
versity of Groningen in the Netherlands. There, 
he uses his background in analytical chemistry 
to “find other ways to zoom into single cells”. 
In one approach, his group uses fluorescent 
molecular sensors to quantify metabolites, such 
as ATP. Ina forthcoming paper in Molecular 
Cell, his group has used time-lapse microscopy 
to watch levels of ATP and another metabolite, 
NADH (which is autofluorescent), oscillate as 
the cells go through the cell cycle’. 

Key technical challenges have already been 
solved when it comes to single-cell metabo- 
lomics, Heinemann says. “What is needed now 
is to do tedious development and validation 
work.’ The process might not be glamorous, he 
admits, but it is essential if single-cell metabo- 
lomics is ever to make the leap from proof of 
concept to answering fundamental biological 
questions. 

“We are often so happy to detect unique 
molecules, but my point is: why?” Masujima 
says. “What is behind this finding, why does 
this molecule come up?” Without that insight, 
techniques run the risk of being mere gim- 
micks that fail to address questions of biological 
significance. “I don't want to be a scientist who 
does that kind of science,’ he says. m 


Marissa Fessenden is a freelance writer in 
Bozeman, Montana. 
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CAREERS 


COLLABORATION Women have fewer 
co-authors on papers than do men p.159 


EQUALITY UK gender pay gap in science 
and technology is narrowing p.159 


NATUREJOBS For the latest career 
listings and advice www.naturejohs.com 


HUMAN BEHAVIOUR 
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Find your voice 


Technology and practice can help shy and introverted 
researchers to succeed when reticence is risky. 


BY JULIA ROSEN 


enerally speaking, scientists aren't 
Geen as a gregarious bunch. Many 

identify as bookish, introverted, per- 
haps even a bit awkward. Yet those with more 
outgoing, extroverted traits might find it 
easier to thrive in today’s scientific culture. 
That’s because researchers in academia and 


industry often have to step into the spotlight, by 
presenting their results at seminars and meet- 
ings and forging new relationships with 
colleagues, funders and, increasingly, the public. 

Mastering these skills is especially impor- 
tant for young scientists who are trying to build 
their reputations and advance their careers. 
But for many shy or introverted researchers, 
these tasks can feel daunting, if not downright 


terrifying. They can even cause some to 
question their place in science, says Louise 
Harkness, a postdoc at the Woolcock Institute 
of Medical Research in Sydney, Australia, who 
has blogged about the challenges of being an 
introverted scientist. “A future in academia is 
hard for the best scientists,’ says Harkness, who 
studies treatments for respiratory disorders. 
“Let alone for quiet scientists who are too shy 
to put their work forward.” 

Still, quiet scientists can compete success- 
fully with their more loquacious counter- 
parts by cultivating their public-speaking 
and networking skills, as well as by engaging 
in creative methods of self-promotion that 
fit their personalities. Researchers will need 
to acknowledge the political dimensions of 
professional science and examine their own 
personality traits and motivations to find 
approaches that work best for them. 


RULES OF THE GAME 

Along with the myth that all scientists are 
introverts, there is also a widespread percep- 
tion that science operates as a pure meritoc- 
racy. Many young researchers think that they 
just need to do good research and the rest will 
follow, says Donna Dean, a retired adminis- 
trator at the US National Institutes of Health 
and an executive consultant on leadership and 
talent development for the US Association of 
Women in Science. That’s usually not the case, 
Dean says. “We can’t just sit around and do 
nothing and assume that people will recognize 
our achievements.” 

Indeed, Jonathan Cheek, a personality 
psychologist at Wellesley College in Massa- 
chusetts, says that shy or introverted people 
can easily get overlooked in a culture of self- 
promotion. “Social communication skills, such 
as public speaking, are the largest predictor of 
career success outside of whatever the technical 
requirements for that career are,’ he says. That 
may not seem fair, he admits, but it’s reality. 

Acknowledging the importance of ‘soft 
skills’ is a good first step, Cheek says, particu- 
larly for certain types of introvert (Cheek and 
his colleagues recognize four different catego- 
ries: social, thinking, anxious and restrained 
introversion). Not all introverts are shy, and 
some of them — all except those who are 
anxious introverts, according to Cheek — 
avoid speaking up and drawing attention to 
themselves simply because they don’t wish 
to or dont find the behaviour rewarding. For 
those scientists, he says, it can be enough to 
recognize that there are tangible benefits to > 
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> engaging in some form of self-promotion, 
even if it doesn’t come naturally. 

For others, the barriers are greater. People 
who experience general shyness feel discomfort 
when talking to strangers or in front of crowds 
(Cheek also helped to develop a shyness scale). 
And researchers who might sometimes feel 
unwelcome in science because of their identity 
— including women, 


minorities andthose “J e¢qmetothis 

in the lesbian, gay, yeglization that 
bisexual, transgender if Idon’t getup 
and queer (LGBTQ) there and present 
community — can my results 

find themselves strug- the world is 


gling to speak out in 
professional settings, 
Dean says. She adds 
that such discomfort might stem from a feeling 
that they bear the burden of representing their 
entire demographic group, or because they have 
been conditioned to be quiet as a result of their 
background. 

Many in the scientific community agree on 
the need to help those researchers to amplify 
their voices, but in the meantime, researchers 
can help themselves by weighing the costs and 
benefits of staying quiet. “You have to think 
about, ‘What’s standing between me and my 
goals?;” says Cheek, who identifies as an ambi- 
vert, or someone who has both introverted 
and extroverted traits. If people have already 
invested years of their life in graduate studies, 
Cheek says, it’s likely that they have a strong 
stake in continuing their scientific career and 
so will be willing to push past their shyness. 

Sometimes, it just takes finding the right 
motivation, says Harkness, who overcame 
some of her quiet tendencies while doing her 
PhD research at the University of Sydney on 
gene regulation in asthmatic muscle cells. “I 
came to this realization that if I don’t get up 
there and present my results, the world is miss- 
ing out on these results and my thought pro- 
cess,’ she says (see ‘Embrace your quietness’). 

Almost all scientists, at one point or another, 
have to share their research in front of crowds — 
a task that strikes dread into the hearts of many, 
not just the introverted and shy. Some surveys, 
such as the Chapman University Survey on 
American Fears conducted in 2014, show that in 
the United States, fear of public speaking often 
tops people's list of phobias, beating even fear 
of drowning in some cases. “Early in my PhD, 
I recognized it was something I was abysmal 
at,” says Paul Brack, a PhD student at Lough- 
borough University, UK, who studies ways to 
produce hydrogen for fuel cells. “I wanted to 
become average — that was my aspiration.” 

Fortunately, Cheek says, public speaking is 
not as hard to learn as many people fear, and 
doesn't require quiet researchers to become 
extroverts. The main reason, he adds, that 
most people loathe public speaking is that they 
haven't done it very much, and getting better at 
it just takes practice. 


missing out.” 


Many universities offer resources to help 
scientists to become comfortable presenting at 
meetings and to hone their speaking skills, says 
biochemist Kate Sleeth, interim associate dean 
of administration and student development at 
City of Hope hospital in Duarte, California. 
If an institution has no such offerings, Sleeth 
— also an introvert, who now chairs the 
board of directors of the National Postdoc- 
toral Association — recommends seeking out 
groups such as Toastmasters International, a 
non-profit organization dedicated to helping 
its members to become better communicators. 

Another strategy is for researchers to 
develop a presentation style that feels com- 
fortable to them. For Harkness, that involved 
using her talks to illustrate her thought pro- 
cess, rather than just to disseminate her find- 
ings. “I want to take people through the story,’ 
she says. Stepping through the evolution of a 
research project actually made her feel better 
about presenting her work, she says. “I’m quite 
proud to show it” 

Networking can also be adapted to indi- 
vidual preferences, despite the intimidating 
connotation that it has for many scientists. 
“The word ‘networking’ makes a lot of peo- 
ple feel like they are going to have to come up 
with some sort of beautifully flowing conversa- 
tional piece,’ says Brack, who wrote about the 
subject in a Naturejobs blogpost last year (see 
go.nature.com/2fx60wc). But he has devised 
several ways to network that suit him, as an 
introvert who also used to be very shy. 

One strategy involves approaching individu- 
als — rather than big groups — at network- 
ing events at meetings with a question or two 
in mind ahead of time. If Brack strikes up a 
conversation with a fellow graduate student, 


SHY SUCCESS 
Embrace your quietness 


Try these tips for networking and 
promoting your work. 

@ Practise public speaking with 
colleagues or mentors or seek the help of 
a university programme or organization 
such as Toastmasters International. 

@ Develop a presentation style that feels 
natural to you, such as storytelling. 

@ At conferences and other professional 
gatherings, set a goal of talking to two or 
three new people. 

@ Use digital tools such as Twitter and 
Google Scholar to elevate your online 
profile. 

@ Join committees and seek out 
sponsors who can help you to make 
connections. 

@ Consider how different paths in 
science might fit with your personality 
traits and preferences. J.R. 
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he usually leads with questions about their 
research, adviser and university. You don't 
even have to stick to science, says Dean, who 
still finds networking hard. Perhaps you notice 
something on someone's name badge — such 
as being from the same place — or share a 
hobby or other connection. “Get people talk- 
ing about themselves,” she says. 

Dean advises young scientists to set a goal of 
talking to two or three new people each time 
they go to a conference, and she urges them to 
avoid describing their work in self-deprecating 
terms. Sleeth also suggests taking along an out- 
going friend who will help you to feel comfort- 
able, but who will not hog the limelight. Quiet 
scientists might also consider collaborating with 
more-extroverted colleagues on research. “It 
makes it so much easier,’ Sleeth says. 

Ultimately, even if these tasks don’t ever 
feel natural to many quiet scientists, those 
scientists should not despair, says Steve Blank, 
who teaches entrepreneurship at Stanford 
University in California and has worked with 
the US National Science Foundation’s Innova- 
tion Corps Program, which helps scientists to 
commercialize their discoveries. “By defini- 
tion, scientists are pretty smart,” Blank says. 
“While you might not have it in your gut, you 
have enough computing power to emulate it” 


PLAYING THE LONG GAME 

When making big career choices, quiet 
scientists might want to consider how differ- 
ent paths in science might suit their person- 
ality. For instance, academia probably entails 
teaching and giving many public talks, whereas 
government agencies might require more lab 
work and meetings with agency managers. As 
entrepreneurs in the tech industry, Blank says, 
scientists have to sell their ideas to investors 
and customers. “If you want a leadership role, 
Id say the biggest thing you need to learn is to 
communicate,’ he says. And that often involves 
at least learning to emulate an extrovert. 

Because of the diverse demands of different 
scientific trajectories, Cheek recommends that 
early-career scientists look at literature such as 
Holland's theory of vocational choice, devel- 
oped by the late John Holland, a psychologist 
at Johns Hopkins University in Baltimore, 
Maryland. “It’s sort of a theory about how 
work environments have personalities,’ he 
says. Both people and occupations are ranked 
against Holland’s framework, and three of the 
categories — realistic, investigative and artistic 
— are well suited to introverts. These might 
correspond to more applied, theoretical and 
creative career paths, respectively. 

Scientists should not let such classifications 
dissuade them from following their aspira- 
tions, Cheek says, but they should consider 
whether their personality is compatible with 
their intended career choice. “Your preference, 
when it interacts with the structure of the field, 
maybe doesn't make your favourite thing the 
most rewarded thing,’ he says. Part of finding 
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Self-declared introvert Paul Brack presents at a 2016 Royal Society of Chemistry conference. 


a fulfilling career is about finding a good fit. 
That's what Harkness has begun to realize, 
although she didn't formally consult Hol- 
land’s theory. After her PhD, she moved 
to the Woolcock Institute, where research 
groups are smaller and more tightly knit, she 
says. That makes it a good place for her as 
a young, introverted scientist, she explains. 


WRITING NEW RULES 

Public speaking and in-person networking 
are seen as crucial to success in science and 
so many other fields partly because our cul- 
ture tends to be geared towards extroverts. 
At least, that’s the argument in Quiet (Broad- 
way, 2013), a book by US writer and lecturer 
Susan Cain about the power of introverts. 
Her central argument is that society often 
treats introversion as a personality flaw, but 
that introverts should be valued. Quiet scien- 
tists can show off their strengths in a variety 
of ways. 

David Steen has had great success with 
social media. A wildlife ecologist at Auburn 
University in Alabama, he is a proud intro- 
vert. “I don’t manage it — I embrace it; he 
says. Steen describes himself as the guy who 
sits in the back of meetings and doesn’t say 
much; similarly to many introverts, he pre- 
fers to gather his thoughts before he speaks. 

Then, he communicates through tools 
such as Twitter, where he has more than 
12,800 followers (Slate magazine crowned 
him “best biologist on Twitter” in 2015). 
The medium offers him the opportunity to 
gain visibility and to interact with the broader 
scientific community at his own pace and on 
his terms. “Can take all day to write a tweet,” 
said Steen, in a tweet. “Compare that to the 
brief window of time you have during a 


meeting to come up with verbal eloquence.” 

Cheek recommends creating a Google 
Scholar profile and becoming active on 
ResearchGate and Academia.edu. Research- 
ers can also use LinkedIn to advertise scien- 
tific qualifications and promote publications 
and awards, Brack says. “You can share that in 
a way that you don't feel like you are ramming 
it in people’s faces, or being overbearing” 

Shy and introverted researchers can 
advance their careers in other ways that feel 
compatible with their personalities. Brack 
recommends joining committees, as he did 
recently to help organize a chemistry con- 
ference in Scotland. “I find that I need to be 
around someone quite a while before [m 
comfortable enough to really talk to them 
and make that sort of a connection,” he says. 
“Being in a committee is quite useful for that.” 
Researchers can also follow up on meetings 
and seminars with e-mails to contribute to 
and stay involved in scientific discussions, 
particularly if they don't want to speak up in 
a group setting. 

Regardless of the strategy that research- 
ers choose, Sleeth recommends seeking out 
a mentor, or even a sponsor — whom she 
defines as someone who will advocate for and 
endorse young scientists — and especially 
shy and introverted ones. That person could 
be their adviser or it could be a co-author 
or colleague, she says. The important thing 
is that they help to open doors for young 
scientists and advertise their strengths and 
accomplishments. “Because then you're not 
bragging,’ she says. “Someone else is doing it 
on your behalf? = 


Julia Rosen is a freelance writer in Portland, 
Oregon. 


1 DE 
© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights 


GENDER 
Co-author differences 


Female faculty members at US research 
universities have fewer co-authors than 
do men over the entirety of their career, 
according to a study published last 
month (X. H. T. Zeng et al. PLoS Biol. 
14, 1002573; 2016). The study says that 
on average, women have shorter careers 
and lower publication rates, both of 
which contribute to the difference in 
their number of co-authors. Analysing 
the publication records of 3,980 faculty 
members across six disciplines in 
science, technology, engineering 

and mathematics, the authors found 
that women are more open than are 
men to new collaborations, a career 
strategy that has been found to produce 
higher-impact research. Yet the study 
also found gender differences in 

some disciplines. For example, female 
molecular biologists typically work 

in smaller teams than do their male 
counterparts. Looking specifically at 
the sub-field of genomics, which tends 
to produce work conducted by large 
teams, the authors also found that 
female scientists are under-represented 
as co-authors. 


INCOME 


UK pay gap 

Men who work in the UK science and 
technology sector earn 24% more than 
women who work in the sector, according 
to the Annual Survey of Hours and 
Earnings from the UK Office for National 
Statistics (ONS). The survey found that 
for full- and part-time workers across all 
sectors, the gender pay gap is 18%, the 
lowest since the survey was launched 

in 1997, when the gap stood at 27.5%. 
The UK government will require all 
employers with more than 250 staff 
members to begin publishing their 
gender pay and bonus gaps from April 
2017 in a bid to help women to overcome 
income barriers. In another effort to 
achieve parity, the government will 
coordinate with businesses to raise the 
number of women on executive boards to 
33% by 2020. It has already extended the 
right to request flexible working, which 
could include flextime and teleworking, 
to all employees; introduced shared 
parental leave; offered support to female 
entrepreneurs for launching and growing 
a business; and increased the national 
living wage. Tackling the pay gap could 
add £150 billion ($US187 billion) to the 
nation’s annual gross domestic product in 
2025, according to estimates. 
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Ua SCIENCE FICTION 


THE FIRST FRAGMENTED 
CHURCH OF ENTROPY 


BY STEVEN FISCHER 


r | There's a sign hanging up on the side 
of the fence, although I’m not sure it 
really merits the word ‘sign. It looks 

more like a pasted preschool collage — 

letters snatched from holo displays and 
antique marquees mashed together like 

Mark’s Thursday-night casserole. 

I check the screen on my wrist, pulling up 
the infofeed and matching it to the words on 
the sign. 

First Fragmented Church of Entropy 

Speaking of Mark, where the heck is he? 
He's the one who dragged me here, after all. 

I take another look at the building — 
crumbling brickwork and shattered windows 
— and step up to where the door should be. 
It’s gone, of course, rusted off the hinges and 
lying in the weeds to the side of the walkway. 

This is already worse than I'd expected. 

I step inside and almost lose my footing. 
The floor’s a jumble of tiles, polyfibre and 
something green and alive. Like someone 
flew a trash cruiser around town and then 
dumped whatever they found here. 

The church is packed. It’s just one big 
room littered with places to sit. Id call them 
seats, but you know the drill by now. In one 
corner, aman and his son are smashing vases 
with a baseball bat. Across the room, some- 
one in a devil costume stuffs little balls into 
one half ofa clear container while his friend 
operates a door to the other half. 

I catch sight of Mark lounging on half a 
couch beside a tree stump and hurry over 
to him, sidestepping a swimming pool that 
obviously belongs here. “Hi there!” I say, glad 
to see something familiar in a place so out 
of whack. 

He kisses me and grins. “What do you 
think?” 

“Well, it’s certainly ... something” I glance 
at the tangle of display screens, holo projec- 
tors and old neon bar signs hanging from the 
ceiling. “Although I imagine they’re breaking 
a few building codes.” 

Mark smiles and shrugs. “Everything 
breaks, eventually” 

He’s been saying that a lot, lately. And 
although his suddenly carefree attitude has 
been a pleasant change, my PhD screams 
whenever I hear it. 1 open my mouth to 
explain that there's more to entropy than dis- 
organized decorating schemes and breaking 


Order from chaos. 


things, but he’s staring at the stage with a big, 
giddy grin. 

“It’s starting,’ he whispers. 

The lights dim — well, the ones that work 
do — and the room explodes with noise. I 
would say music, if it wasn’t so damn pain- 
ful to hear. 

I look around and realize the ‘band’ 
is scattered throughout the auditorium. 
There's a guy up on stage, sure enough, ham- 
mering away on an oversized electric xylo- 
phone, but there’s also a lady lounging right 
behind us, revving the dismembered engine 
of a hoverbike in what she must knowisn't a 
rhythm. I swear I hear a goose and half the 
rest of a farm somewhere, but I can't quite 
place them. 

And then it stops. 

A bespectacled old man gets up from 
his chair and shuffles on to the stage. Not 
exactly what I'd expected from a cult leader. 
I'm sorry, not a cult — Mark’s not a fan of 
that word — ‘a progressive, enlightened 
community. 

“Good morning,’ he says. And in the first 
normal event since I’ve arrived, everybody 
says it back. He smiles, takes the digital 
prompter in his hands, and throws it into 
the air. 

“Everything breaks!” he proclaims. The 
prompter shatters on the floor, and every- 
body claps. 

Aaaaaand, we're back to crazy. 

He looks out at the crowd for a moment, 

his frazzled, unkempt 


> NATURE.COM hair threatening to 
Follow Futures: blind him. “I hear we 
WY @NatureFutures have a visitor in our 


EG go.nature.com/mtoodm = congregation today.” 
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I do my best to sink into the seat, but he 
points straight at me. “Welcome!” he says. 
“Why don’t you come up front?” 

Mark's practically giggling with excite- 
ment. He grabs my arm and tries to pull me 
to my feet. “Come on, Jan,’ he whispers. “It'll 
be fun” 

I give him my best glare and work my 
way up to the stage. The pastor (priest? head 
thermodynamicist?) turns to me expect- 
antly. “So, what brought you here today?” 

I point at Mark. “He did” If he’s making 
me be here, he better at least take the blame. 

The man shakes his head. “No, no, no. 
What really brought you here?” 

My mouth shuts. Because I’m worried my 
boyfriend signed on with some desperate 
freaks doesn’t seem like a viable answer. “I 
suppose I have a few questions.” 

The room bursts into applause. For this? 

“Well,” old white-hair replies, “ask away.’ 

I know what Mark would say. That ’m 
stressed out and harassed and constantly 
glued to a schedule and a screen. That his 
sudden ability to take life in his stride since 
he started coming here has me intrigued. 
And, it’s true, but... 

Is that — is that a bonfire by the back 
door? 

Enough is enough. “Yeah. I was wonder- 
ing how a church that claims to worship 
disorder justifies getting a group together 
each week, in one building for a set purpose, 
and teaching them about a topic discovered 
through centuries of highly regimented 
thought and experimentation. You can see 
the irony, right?” 

I wait for him to say something, but he just 
stares. Then, he walks off the stage and right 
out the front door. One by one, the rest of the 
congregation leaves too, until it’s just me and 
Mark in the auditorium. 

I walk down the steps and take his hand as 
we head towards the door. “I’m really sorry 
about that,” I mutter. “I know I promised to 
be civil?” 

Outside, the old man is tearing the sign 
down letter by letter. 

Mark shrugs and grins back at me. “Every- 
thing breaks, eventually.” m 


Steven Fischer is a student living in 
southern Wisconsin. In his free time, he 
enjoys dabbling in science fiction and 
exploring the great northwoods with his wife. 
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ultiple sclerosis is a devastating disease that induces 

the body’s own immune system to eat away at the 

central nervous system, slowly robbing patients of 
their physical mobility. It is also mysterious. Despite years of 
research, the cause remains elusive, and treatments are few and 
far between. 

Progress is slow, but measurable. The study of clusters 
of cases in Canada is starting to reveal the complicated 
interactions between genetics, geography and a common viral 
infection that may lie behind the disease (see page $4). And 
new treatments, many based on existing drugs, are starting to 
show promise for the more debilitating progressive form of 
the disease, which has until recently been largely ignored and 
forgotten (S7). Leaders in the field are calling on researchers to 
take more risks and develop new kinds of clinical trial to test 
different combinations of drugs to treat progressive multiple 
sclerosis (S10). 

A drastic form of treatment that eliminates a patient’s 
immune system and replaces it with fresh stem cells (S11) is 
offering hope. But many doctors worry that it is too dangerous 
for widespread use, and it is already attracting unethical and 
unlicensed imitators. 

Until a blockbuster drug treatment is found, patients have to 
manage their disease. A variety of diets have been developed, 
aimed at helping to control the symptoms, and they are now 
finally getting the scientific scrutiny they deserve, despite the 
difficulties of applying rigorous clinical-trial standards to 
eating habits (S13). With perseverance, imagination and a bit 
of luck, progress on treating and curing multiple sclerosis could 
soon move faster than ever. 

This Outlook has been supported by a grant from 
E Hoffmann-La Roche Ltd, which has had no control over the 
editorial content of this activity. 
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A DEGENERATIVE AFFLICTION 4 


Multiple sclerosis often strikes between the ages of 20 and 40, e 
when people are entering the workforce and raising families. 
By Charles Schmidt; illustration by Lucy Reading -Ikkanda. e ; 
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TURNING AGAINST THE SELF 


Multiple sclerosis is an incurable illness in which the body’s own immune system destroys tissues in the 

central nervous system. T cells and B cells are thought to remove a protective coating called myelin that | 
wraps around nerve fibres in the brain, spinal column and optic nerve. Exposed fibres are degraded, 

producing symptoms that vary depending on where the damage occurs. 
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A DIFFICULT DIAGNOSIS 63% TYPES OF MULTIPLE SCLEROSIS 
Symptoms differ from person to person, making 0 Relapsing-remitting multiple sclerosis 


diagnosis difficult. Common symptoms include (RRMS) produces attacks followed by 
vision problems, weakness, instability and loss periods of remission that can last 


of bladder control. The proportion of people months or years. It usually gets worse 
with some of the most common symptoms with time. In primary progressive 


are shown below. multiple sclerosis (PPMS), symptoms 
worsen steadily without remission. 
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Cognitive Pain Urinary Sexual Vision Fatigue Sensory Mobility RRMS affects The number of 
Depression, Facial Urgency, Loss of Loss of Exercise Numbness, Poor 2-3 TIMES women and men affected 
anxiety, pain, nocturia, sensation vision intolerance and _ tingling balance, as many women by PPMS is 
cognitive burning, incontinence and ability and exhaustion, and impaired as men APPROXIMATELY EQUAL 
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WHAT CAUSES MULTIPLE SCLEROSIS? 


The cause is unknown, but it is thought to involve an interplay of genetics and the environment. Genetic susceptibility 
drives the risk, but the contribution of any specific gene seems to be modest. 


@ er 


Environmental factors Epstein-Barr virus Smoking Genetic factors 

Living further from the Few people who have been Numerous studies Combined with vitamin D deficiency, the 
Equator boosts risk, possibly infected with the Epstein-Barr have found higher HLA-DRB1*1501 allele and the CYP27B1 gene 

because of reduced virus develop multiple rates of multiple may elevate risk. L2RA gene variants may increase 
exposure to sunlight — the sclerosis, but nearly everyone sclerosis in the risk for individuals without a family history of the 
main source of vitamin D. with the condition has been smokers than in disease. /L7R variants are associated with PPMS. 
infected with the virus. non-smokers. 
GLOBAL INCIDENCE 


Multiple sclerosis is most common 
in northern latitudes, reflecting the 
likely association with reduced 
exposure to sunlight and 
vitamin D deficiency. 


Prevalance per country 
Number of people with 
multiple sclerosis per 100,000 
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2.3 MILLION 


Estimated number of people worldwide with the condition. 


DISEASE-MODIFYING THERAPIES 


Several drugs have been approved for RRMS, but none for PPMS. Drugs need to 
be given as soon as possible to slow the pace of neurological damage. 


FINGOLIMOD 


T cells in the lymph nodes develop 
into central memory T cells, which 
predominate in the cerebrospinal fluid of 
people with multiple sclerosis. Fingolimod 
binds to the S1P receptor on T cells, 
trapping them in the lymph nodes so they 
cannot reach neurological tissues. 


Alemtuzumab binds to CD52 
receptors on the surface of B cells 


e °» UR T cell enters 
e the ee node 
~ ® Fingolimod blocks = e 
e y the S1P receptor, 4 
; trapping the cell / \ ae 6 i & 
\ } Weak 


The immune ; 4 i i 

system targets B-cell A (3) ae Na 

el S e @ Ween ] Differentiation oe : 
cell death ai 


into memory T cells 


a 
$@o 


ALEMTUZUMAB 


A monoclonal antibody also approved for leukaemia, alemtuzumab binds 
to CD52, a protein on the surface of mature B cells and T cells, which are 
then targeted for destruction by the immune system. Widespread B-cell 
depletion from alemtuzumab treatment may promote the growth of T cells 
that are less autoreactive and do not cause inflammation. 


Sources: Multiple Sclerosis International Federation Atlas of MS 2013 (MSIF, 2013); MS Brain Health; National Multiple Sclerosis Society; gilenyahcp.com/Novartis Pharmaceuticals 
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BY CAROLYN BROWN 


Emerging evidence points to a viral infection, low levels of vitamin D and genetics as 
culprits in multiple sclerosis, but how they combine to cause the disease is unclear. 


hen Jacques Dutrisac arrived 

at the Ottawa General Hospital 

in Canada for his first appoint- 

ment after being diagnosed 
with multiple sclerosis (MS) in 1991, he met 
a former high-school classmate in the waiting 
room. She told him that a third schoolmate 
had also been diagnosed with the disease. 
They have since identified 15 people with MS 
from the neighbourhood where Dutrisac grew 
up in the late 1960s and 1970s, 14 of whom 
lived within a kilometre of each other. Four are 
from the same street, and “there were not even 
a hundred people on our little street’, explains 
Dutrisac. Five attended the same elementary 
school, and seven the same high school. Their 


ages span just eight years. In an area that is pre- 
dominantly English-speaking, ten are French 
Canadian. 

This Ottawa cluster of MS cases has not been 
analysed statistically to determine whether it 
is the result of chance alone, but similar MS 
clusters in the Canadian province of Manitoba 
have. A study of new cases diagnosed over a 
16 year period found several hotspots, mainly 
in the city of Winnipeg’. Rates of MS were 
more than twice as high in the city as they were 
in the rest of the province — more than three 
times as high in some neighbourhoods. Clearly 
something is causing these clusters. 

Canada has the highest rate of MS in the 
world, with 291 cases per 100,000 people’. But 
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rates vary widely from one region of Canada 
to another’ >. Several studies have concluded 
that something in the environment in Canada 
is contributing to MS — indeed, rates of MS in 
immigrants to Canada quickly rise to approach 
Canadian levels®”. 

Differences between countries can sug- 
gest possible causes. Clusters in particular 
neighbourhoods, such as those in Ottawa 
and Winnipeg, raise suspicion about local 
environmental factors, including outbreaks 
of infectious disease or genetic differences in 
multicultural cities, says Mahmoud Torabi, a 
statistician at the University of Manitoba and 
an author of the Winnipeg study. 

Until recently, researchers could not 
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pinpoint why Canada in general, and specific 
places in particular, are so rife with this neu- 
rodegenerative disease® *. But an international 
research effort — including database analyses, 
epidemiology, microbiology, genetics and 
immunology — is now yielding a growing 
body of evidence on the causes of MS. “It’s dif- 
ficult to get a grip on, it’s so huge,” says Egil 
Rosjo, a neurologist at Akershus University 
Hospital near Oslo, who is also completing a 
doctorate on MS aetiology. “There are lines of 
evidence that are pointing more or less in the 
same direction from all these different angles.” 
And they are pointing to three main culprits: 
Epstein-Barr virus (EBV), which is a herpes- 
virus that causes mononucleosis (glandular 
fever); low levels of vitamin D; and genetic 
variants that increase susceptibility to MS. 
But each of these potential causes is com- 
mon, and MS is quite rare, so none of these 
alone is likely to hold the key. “The develop- 
ment of MS is based on combinations of these,” 
argues Amit Bar-Or, a neurologist at McGill 


University’s Montreal Neurological Institute 
and Hospital. But how they interact to result 
in MS is not yet clear. 


ALIFELONG INFECTION 

Inspired by the geographical variation in MS, 
hundreds of epidemiological studies have been 
done to identify environmental factors. A wide 
range of potential causes have been the subject 
of meta-analysis studies, which pool data from 
several studies and can include thousands of 
patients, explains Ioanna Tzoulaki, an epide- 
miologist at Imperial College London. These 
meta-analyses have investigated infections, 
vaccinations, other diseases, surgery, accidents 
and exposure to toxins. Tzoulaki’s team has 
conducted a review of these meta-analyses’. 
“They looked at every trend or player in these 
environmental factors,’ says Rasja, who was 
not involved in the review, which he calls the 
“pinnacle” study of these factors. 

The strongest evidence came from studies of 
links between MS and two signs of EBV infec- 
tion: a history of mononucleosis, and a bio- 
logical marker of EBV infection called EBNA1. 

This chimes with Dutrisac’s experiences. In 
his teens, he often felt tired, despite being an 
active adolescent who loved to play ice hockey 
in the winter. “I would just get tired for no rea- 
son sometimes,’ he says. Fatigue is common in 
MS, but it is also a symptom of mononucleosis, 
which strikes mainly adolescents and young 
adults, with symptoms that also include fever, 
sore throat, swollen lymph nodes and inflam- 
mation of the spleen. Dutrisac was not diag- 
nosed with mononucleosis, but he may have 
had an EBV infection; many people who are 
exposed to the virus, especially as children, 
have no symptoms, and many mild cases go 
undiagnosed. So although only a minority of 
people have been diagnosed with mononu- 
cleosis, an estimated 90% of people globally 
have been exposed to EBV by the time they 
are 40 years old. And the virus is persistent. As 
Rasjo says, “You don’t get rid of it. Once you've 
got it, you have it for life” 

There are three broad theories to explain 
how EBV infection could result in MS, explains 
Bar-Or. One possibility is that the EBV infects 
the central nervous system (CNS), especially 
the brain. The virus may then kill oligodendro- 
cytes, the cells that produce the myelin sheath 
— the insulating envelope that coats the nerve 
fibres (axons). Myelin speeds up the nerve 
impulses travelling through the axons and is 
essential for normal nerve function. 

In the CNS, the infection may also trigger an 
immune response in which a type of immune 
cell known as CD8 tries to kill the virus but 
also damages oligodendrocytes and neurons. 
Bar-Or admits that this theory is controversial, 
because although some researchers have found 
the virus in the CNS, others have been unable 
to replicate the finding. 

A second theory involves molecular mim- 
icry, in which the immune system, Bar-Or 
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says, may mistake myelin basic protein (MBP), 
which is important for the myelination pro- 
cess, for a similar piece of the invading EBV. 
The immune system's T cells have receptors 
that can recognize both the virus and MBP, 
and when the T cells are activated during the 
immune response to the virus, they could 
attack MBP as well as EBV in parts of the brain, 
resulting in a loss of myelin. 

A third possible mechanism involves 
immune cells known as B cells. In normal 


“The body 
of evidence 
is difficult 
to get a grip 
on, it’s 
so huge.” 


immune responses, there are interactions 
between B cells, myeloid cells and T cells when 
responding to invading bacteria and viruses, 
and reversing the immune response when it 
is no longer needed. Any imbalance in this 
delicate dance can cause a strong or long-term 
response that goes beyond its original pur- 
pose and injures the body by interfering with 
basic cell functions, says Bar-Or. Perhaps EBV 
causes such an imbalance in MS by activating 
the B cells that they no longer perform their 
crucial regulatory functions, but instead start 
to promote inflammation. There is some sup- 
port for this theory because MS treatments that 
remove B cells have succeeded in decreasing 
MS relapses, says Bar-Or. 


VITAMIN D LINK COMES TO LIGHT 

World maps of MS (see page S2) show that its 
prevalence increases as you move further from 
the Equator. This geographical distribution 
suggests that MS may be linked to the lower 
levels of vitamin D found in people living in 
regions with long, dark winters. But evidence 
supporting this theory has come mainly from 
observational studies, which cannot show 
cause and effect, says Brent Richards, an endo- 
crinologist who studies vitamin D and genetics 
at McGill University in Montreal. For example, 
it is unclear which way the causality runs — 
rather than low levels of vitamin D causing MS, 
it is possible that the disease somehow lowers 
vitamin D levels, Richards says. Another com- 
plication is that “vitamin D is associated with 
a host of healthy lifestyle behaviours’, he says. 
“If you go outside, you tend to be healthier and 
your vitamin D levels tend to be higher.” In this 
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case the healthy behaviours may prevent MS, 
and the geographical variation would need 
another explanation. 

Demonstrating a causal link through a ran- 
domized controlled trial (RCT) of vitamin D 
would be complex, lengthy and costly, and 
such atrial may not be funded anyway because 
it would not test a drug. Richards’ team tack- 
led this problem by conducting a study that 
he calls “nature’s RCT”. They analysed large 
databases to find genetic variants that lowered 
vitamin D levels and then, by using another 
genetic database of people with MS, deter- 
mined the MS risk in people with these vari- 
ants. They found a strong risk of MS in people 
who have naturally low levels of vitamin D — 
and the risk increased as the vitamin D level 
decreased"’. “The person had their genetic 
make-up before they had MS. That’s impor- 
tant, because the disease cannot influence the 
genes,’ he says. 

The mounting evidence of the link with 
vitamin D has sparked discussion about how 
low levels could lead to MS. Bar-Or points out 
that vitamin D has been shown to affect the 
immune response in many of the cell types 
involved in MS, including myeloid, B and T 
cells. “There’s an enormous amount of litera- 
ture that associates vitamin D deficiency with 
risk of disease,’ adds Richards. 

Rosjo thinks that this points to the con- 
nection with EBV. His research follows up a 
theory"! that vitamin D may boost immune 
responses to EBV and, conversely, that a lack 
of vitamin D may lead to poor responses to 
EBV. He thought that a weak immune response 
would increase levels of the biomarker EBNA1. 
“This in some way reflects increased risk of MS 
disease development,’ says Rosjg, although the 
molecular basis is still unknown. But in vitro 
studies have shown that the form of vitamin D 
that is active in the body, 1,25-dihydroxyvita- 
min D3, inhibits the production of antibod- 
ies from B cells, which are the cells infected 
by EBV. 

Rgsjos study has borne out this theory. In a 
long-term placebo-controlled study of high- 
dose vitamin D supplementation in people 
with MS, Rosjo found” that levels of antibod- 
ies against EBNA1 fell significantly over the 
first 48 weeks of the study, but then rebounded, 
although never to their original levels, over 
the following 48 weeks. Rosjo says that this 
study was the first indication of an interaction 
between vitamin D and EBV. “There might be 
a short-term effect” of vitamin D on MS, he 
adds, “but it’s lost over time.” 

The study also looked at two other viruses 
in the same herpesvirus family as EBV — var- 
icella zoster virus, which causes chickenpox 
and shingles, and cytomegalovirus — and 
found that levels of antibodies to these viruses 
were unaffected by vitamin D. “There is some- 
thing special, something unique with EBV that 
we cannot explain,’ Rasjo concludes. 

Rosjo found that even large doses of 


vitamin D do not help patients with established 
MS in the long term, but he thinks that it may 
have a role during initial EBV infection. “Vita- 
min D and EBV during adolescence might be 
some of the most important things when it 
comes to deciding MS risk,” he says. 


FAMILY FORTUNES 
One of the big puzzles about MS is that it 
runs in some families, but it can also pop up 
sporadically in people with no family his- 
tory of the disease. Meagan McEwen, who 
campaigns for people with MS in Ottawa and 
has the disease, and her boyfriend, who also 
has it, embody this puzzle. “In my boyfriend’s 
family, there are many other people who have 
MS. That’s not true in my family,’ she says. 
This paradox has fuelled hundreds of studies 
worldwide. 

One such study focused on the risk factors 
associated with the onset of MS in Canadian 


“The genetic 
contribution 
doesn’t 
explain 
even half 
the risk.” 


children. A team of researchers, including 
Bar-Or, investigated several major risk fac- 
tors, including EBV, vitamin D anda specific 
variant of the HLA-DRB1 gene, which is one 
of the human leukocyte antigen (HLA) com- 
plex of genes that are involved in the immune 
response’. “One of the benefits of studying 
children is that there’s a relatively short time 
between the time they are born and the time 
they develop disease,” explains Ruth Ann 
Marrie, a neurologist at the University of 
Manitoba in Winnipeg and one of the co- 
authors. “There is less time for either extra- 
neous or relevant events to occur.” 

Bar-Or and Marrie found that the genetic 
variant most strongly associated with MS 
around the world, HLA-DRB1*15, doubled 
the risk of children having MS. Since that 
study was published in 2011, the number of 
genetic variants known to affect MS risk has 
climbed from roughly 50 to about 200. 

Bar-Or stresses that none of these MS- 
associated variants is abnormal — they are 
not ‘disease genes like the mutations that 
cause cystic fibrosis, for example. “There are 
many, many more healthy people who have 
one or more combination of those very same 
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variants than there are people who develop 
MS, he says. It seems that environmental 
factors or epigenetics — changes to gene 
expression that do not alter the genetic code 
— may explain the different outcomes, even 
for people with the same genetic make-up. 
“Two individuals who may have the identi- 
cal template end up manifesting their genes 
in different ways based on epigenetics,’ says 
Bar-Or. 

Genetic susceptibility can also vary geo- 
graphically, Marrie points out, which may 
help to explain some clusters. A study of 
genetic risk factors for MS in Ireland, for 
example, showed that the percentage of 
individuals with the genetic variants that put 
them at risk of MS was substantially lower 
in one county than in another one nearby”. 
“The genetic contribution doesn’t explain 
even half the risk; cautions Bar-Or, so it may 
be possible to prevent the disease by targeting 
the environmental factors involved. 

Marrie thinks that the future direction 
of MS research will be into how these fac- 
tors interact. “Now that we have identified 
multiple potential factors, we will work on 
the biology of the relationship to understand 
how these factors work together, and whether 
order of exposure is important,’ says Marrie. 
But she and others admit that definitively 
proving the causal role of any of these fac- 
tors may be impractical or even impossible. 

None of the researchers are ready to say 
what factors might be causing the Canadian 
clusters. Could it be the long, dark winters? 
A genetic variant common in French Canadi- 
ans? A local EBV outbreak? Some combina- 
tion of all three? 

Dutrisac hopes that information about 
his cluster can help researchers to find the 
answer. “There’s something out there. We 
need to find the cause,” he says. = 


Carolyn Brown is a freelance writer based in 
Ottawa, Canada. 
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Progressive steps 


New drugs are beginning to show promise for people with one of the 
less common, and harder to treat, forms of multiple sclerosis. 


BY ELIE DOLGIN 


itch Sturgeon has tried more than 
half a dozen therapies to treat 
his multiple sclerosis (MS), from 


immune modulators to chemotherapy drugs 
and vein-widening surgical procedures. 
None of them seem to have slowed the dis- 
ease’s advance. He did experience a tempo- 
rary reprieve about a decade ago, thanks to a 
monoclonal antibody called rituximab, which 
he received during a clinical trial. But when the 
two-year study ended in 2007, with the con- 
clusion that the therapy was no better than a 
placebo’, it was back to the drawing board for 
Sturgeon, a former chemical engineer from 
South Portland, Maine. 

The reason that nothing seems to work for 
Sturgeon is that he has primary progressive 
MS, a form of the disease marked by stead- 
ily worsening neurological function from 
the onset of symptoms. There are currently 
14 drugs approved by the US Food and Drug 
Administration (FDA) to treat MS, including 
six that hit the market in the past five years. 
Yet all these agents combat the clinical attacks 
associated with the more common relapsing- 
remitting MS. No medication has ever been 
shown to help the 10-15% of patients with 
MS, like Sturgeon, whose physical decline is 
continuous and unrelenting. And only one 
drug — a 16-year-old immunosuppressant that 
is rarely prescribed because of its harsh side 
effects — has been approved for the secondary 


progressive form of MS that eventually devel- 
ops in most patients who first experience the 
relapsing type. 

That dearth of therapies could be about to 
change. Before the end of December, the FDA 
is expected to decide on the fate of a new drug 
called ocrelizumab, which works in a similar 
way to rituximab by depleting the B cells in the 
immune system that are crucial for promoting 
inflammation in MS. The drug is also under 
review in Europe, Australia and elsewhere. In 
phase III trials, ocrelizumab proved superior 
to an existing drug that is commonly used to 
reduce the frequency of relapses for people 
who experience them. And promisingly for 
patients such as Sturgeon, it outperformed a 
placebo in preserving physical function in pri- 
mary progressive disease. 

If ocrelizumab is approved, Sturgeon expects 
to try it. For almost two years he has been tak- 
ing high doses ofa vitamin called biotin, even 
though it has no effect on his disease. “I haven't 
gotten off it because I have nothing else lined 
up right now,’ Sturgeon says. Ocrelizumab 
could fill that gap — and other drugs might 
soon be on the way. “The door is ajar for the 
first time,’ says Stephen Hauser, a neurologist 
at the University of California, San Francisco. 
“But this is only the beginning of effective 
therapies for progressive MS.” 

MS is usually thought of as an immune- 
mediated disease in which misdirected T 
cells, B cells and other inflammatory drivers 
infiltrate the brain and destroy the protective 


myelin coating 
around nerve fibres, 
disrupting signalling 
to and from the brain 
and spinal cord. But 
there is also a neuro- 
degenerative component, and this is particu- 
larly pronounced in progressive forms of MS, 
which cause widespread destruction in the 
brain’s white and grey matter. 


Ascan ofa healthy 
brain (left) and one 
with multiple sclerosis, 
showing demyelinating 
lesions (yellow). 


LEARNING FROM FAILURE 
The differences between progressive and 
relapsing disease remain a matter of debate, 
but most researchers agree that relapsing MS is 
characterized by episodes of intense inflamma- 
tion and demyelination, whereas in progres- 
sive MS the inflammation is lower grade and 
chronic, with neurons dying a slow death from 
multiple, currently unknown, causes. 
Another distinction lies in the integrity of 
the blood-brain barrier. In relapsing disease, 
this boundary becomes permeable, allowing 
immune cells — and the drugs that target 
them — to pass from the bloodstream into 
the brain. By contrast, in progressive MS, the 
blood-brain barrier remains intact, confin- 
ing the inflammation to the brain, which fuels 
atrophy and neuronal loss. This firm barrier, 
and the resulting inability to reach the inflam- 
mation with medicines, could explain, at least 
in part, why nearly every trial of an immune- 
modulating therapy that works for relapsing 
MS has failed for patients with progressive 
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disease — the drugs simply do not reach their 
target in the brain. An alternative theory is that 
progressive MS does not result from inflam- 
mation at all, but rather from the degeneration 
that follows the early inflammatory injury. 

There is another problem, however. Trials 
for progressive MS have tended to include eve- 
ryone with the disease, regardless of whether 
they show signs of the active, infiltrating type 
of inflammation that is known to be affected 
by immune-targeted therapies. This type of 
inflammatory lesion, which can be detected 
on a magnetic resonance imaging (MRI) 
brain scan, is common in relapsing disease but 
is seen in only a small subset of patients with 
progressive MS — generally younger people 
with more recently diagnosed disease. For this 
reason, drug companies with immune-mod- 
ulating agents have begun to redesign their 
studies of progressive MS to enrol more of the 
patients who are most likely to benefit. This 
strategy has yielded more success in clinical 
trials, but it means that these therapies might 
not be appropriate for everyone with progres- 
sive MS. 

Ocrelizumab is a case in point. Like rituxi- 
mab, ocrelizumab targets a protein called 
CD20 on the surface of B cells. What sets the 
new drug apart is that it can eliminate B cells 
with greater efficiency. What’s more, whereas 
rituximab includes mouse components, ocre- 
lizumab has been modified to more closely 
resemble proteins produced naturally by the 
human body, making it is less likely to trigger 
a drug-related immune reaction. 

In the study population as a whole, rituxi- 
mab did not outperform a placebo’. But Roche, 
the Swiss pharmaceutical company behind the 
drug, noticed some improvements in younger 
patients with primary progressive MS, particu- 
larly in those with active inflammation. Taking 
those lessons on board, the company adjusted 
the enrolment criteria and other design fea- 
tures for its late-stage ocrelizumab trial to 
study younger patients who were more likely to 
have active disease — and the change paid off. 

In 2015, Roche revealed the results of its 


THERAPIES IN THE PIPELINE 


732 person trial, which showed that regular 
infusions of ocrelizumab reduced the risk of 
disease progression by 24% compared with 
a placebo. It significantly slowed declines in 
walking ability, upper-limb function and brain 
volume for study participants, with no major 
safety concerns. 

“This is the first positive phase III treatment 
trial in primary progressive MS,” says Peter 
Chin, group medical director for neuroscience 
at Genentech, a US subsidiary of Roche. “To 
show consistency of effect across a number of 
different disease-progression measurements is 
avery meaningful result.” 

But Hauser, who was a trial investigator for 
the drug, warns that the benefit was “really 
modest” and that ocrelizumab might not work 
for older patients in the more advanced stages 
of disease. “We have to be careful how this is 
communicated to patients,” he says. 

Novartis, another Swiss pharmaceuti- 
cal company, found a similar stratification 
of benefit in its trial 
of siponimod for sec- 


“We need to ondary progressive 
eri MS. Siponimod is an 
a on T cells experimental drug that 


prevents the transport 
of immune cells to sites 
of inflammation in the 
brain. It targets the same protein on the surface 
of white blood cells as another Novartis drug 
called fingolimod, which has been approved 
for relapsing MS under the brand name 
Gilenya. In a 970 person study published ear- 
lier this year’, led by Fred Lublin, director of 
the MS clinic at the Icahn School of Medicine 
at Mount Sinai in New York City, fingolimod 
showed no benefit for primary progressive 
MS. Buta 1,651 person trial of siponimod to 
treat secondary progressive MS found that 
it reduced the risk of three-month disability 
progression by 21% compared with a placebo. 

The overall effect is small, admits lead trial 
investigator Ludwig Kappos, a neurologist at 
University Hospital Basel in Switzerland. But 
“it was reassuring and a positive signal that we 


and Bcells.” 


Several drugs are currently being developed to treat progressive multiple sclerosis. Some are repurposed 
drugs that are already being used to treat other diseases, and many have a neuroprotective effect. 


Drug Mechanism of action Disease course Phase 
under investigation 

Ocrelizumab CD20 antagonist PPMS Regulatory filing 

Siponimod Sphingosine-1-phosphate receptor SPMS | 
modulator 

Masitinib Tyrosine kinase inhibitor PPMS, SPMS Ill 

High-dose biotin | Vitamin B7 PPMS, SPMS | 

Ibudilast Phosphodiesterase inhibitor PPMS, SPMS | 

Idebenone Coenzyme Q10 analogue PPMS 

Amiloride Potassium-sparing diuretic SPMS | 

Riluzole Glutamate-release inhibitor SPMS 

Fluoxetine Selective serotonin reuptake inhibitor SPMS | 


PPMS, primary progressive multiple sclerosis; SPMS, secondary progressive multiple sclerosis. 
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also saw a benefit in people who were quite 
advanced in the progressive phase of MS and 
already had severe disability,’ he says. Kappos 
presented the findings at the 2016 congress of 
the European Committee for Treatment and 
Research in Multiple Sclerosis in September. 


REUSING DRUGS 

Lublin is buoyed by the positive trial results for 
ocrelizumab and siponimod, both of which he 
helped to test. “What's really exciting is we've 
had initial success for two very difficult forms 
of MS to treat,” Lublin says. However, apart 
from those two immune-modulatory agents, 
there is not much in the late-stage pipeline for 
progressive MS. 

But there are therapies in earlier stages of 
clinical testing that are focused on tackling the 
brain damage that is the hallmark of progres- 
sive MS (see “Therapies in the pipeline’). Some 
involve stem cells that are designed to restore 
lost nerve function (see page S11). Most of 
the investigations focus on neuroprotective 
agents that have already been approved to treat 
other diseases and that might be beneficial in 
progressive MS as well — or at least point to 
molecular pathways that could be targeted. 

The French biotechnology company AB 
Sciences, for example, is testing whether a 
cancer drug called masitinib, which is used 
mainly in dogs, can help patients with primary 
and secondary progressive forms of MS. And 
a group led by Jeremy Chataway at University 
College London is evaluating whether any of 
three repurposed human medicines — a heart- 
disease drug, an antidepressant and a treatment 
for amyotrophic lateral sclerosis (also known 
as motor neurone disease) — will help with the 
secondary progressive stage of disease. Chata- 
way explains that the three drugs in his trial 
were chosen after an exhaustive review’ of all 
the licensed neuroprotective therapies that can 
be taken orally and that have some preliminary 
data on whether they can help in MS. “We 
looked at thousands and thousands of reports 
to really drill down to this short list of drugs 
that could be useful against the pathology of 
progressive multiple sclerosis,’ he says. 

One of the drugs that was shortlisted by 
Chataway’s group, but not included in his 
trial, was ibudilast, which is marketed in parts 
of Asia to treat asthma and stroke-related 
symptoms. Ibudilast has previously shown no 
benefit in people with relapsing MS, but there 
was some indication that it might protect the 
nervous system from damage because of its 
ability to block an enzyme involved in brain 
inflammation’. That observation prompted 
Robert Fox, medical director of the Cleve- 
land Clinic’s MS centre in Ohio, to launch a 
trial to test ibudilast for primary progressive 
MS. “This is one of the few molecules that has 
empirical evidence from MS itself that it slows 
atrophy progression,’ Fox says. 

The 250 person ibudilast study is exploring 
the drug’s effects on brain shrinkage, which is 
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the standard approach in mid-stage clinical 
trials of MS therapies that are seeking proof 
of principle that the drug is working in the 
brain. But unlike most trials of its kind, this 
study also includes several advanced imaging 
techniques and tests of disability so that, even if 
ibudilast shows no benefit, the investigators will 
learn something about their outcome metrics 
through direct head-to-head comparisons. 
Another idea for improving outcome meas- 
ures comes from Bibi Bielekova, head of the 
neuroimmunological diseases unit at the US 
National Institute of Neurological Disorders 
and Stroke in Bethesda, Maryland. Bielekova’s 
team statistically compared 58 outcome meas- 
ures in a group of 98 untreated people with 
primary progressive MS, and concluded that 
most brain-scanning metrics are unreliable 
surrogates for symptom progression (see page 
S10). The researchers integrated four differ- 
ent clinical scales into a single disability score 
called CombiWISE, and it outperformed other 
measures for detecting clinical deterioration’. 
“[ have zero doubt that CombiWISE is the 
best thing we currently have for screening treat- 
ments,” says Bielekova, who is currently using 
the metric in an 85 person trial of the antioxi- 
dant idebenone for primary progressive MS. 


BACK TO BASICS 

Most researchers who study progressive MS 
remain cautiously optimistic that at least 
some of the experimental therapies for this 
form of the disease will prove their worth. But 
the challenges are daunting, largely because 
so much remains unknown about the basic 
pathology of progressive MS. “We still need to 


Fred Lublin (left) is pleased with the progress being made to treat progressive multiple sclerosis. 


better understand the mechanisms of progres- 
sion,’ says Tim Coetzee, chief advocacy, ser- 
vices and research officer at the US National 
Multiple Sclerosis Society in New York City. 

To address these knowledge gaps and 
accelerate progress in new therapeutic direc- 
tions, the society teamed up in 2013 with 
other research and advocacy non-profit 
groups from around the world to launch the 
Progressive MS Alliance. This €22.4 million 
(US$24.0 million) initiative will be “a cata- 
lyst that brings together the best institutions 
worldwide’, says Alan Thompson, dean of 
brain sciences at University College London 
and chair of the alliance’s scientific steering 
committee. “This has never happened in the 
world of MS before,” he says. 

In 2014, the alliance funded a series of 
20 small-scale research projects on topics 
ranging from genetics and disease models to 
proof-of-concept trials. And earlier this year 
it handed out three larger grants worth a total 
of €12.6 million for drug-discovery efforts and 
biomarker development. Francisco Quintana, 
an immunologist at the Brigham and Wom- 
en’s Hospital in Boston, Massachusetts, has 
received both kinds of award. 

Quintana used his €75,000 grant from the 
Progressive MS Alliance to demonstrate in a 
mouse model of MS that miglustat, a drug cur- 
rently used to treat Gaucher's disease, can stop 
the activation of astrocytes, a type of immune 
cell that promotes inflammation in the brain. 
Now, thanks to a four year, €4.2 million award, 
Quintana is trying to find more drugs that can 
cross the blood-brain barrier and block astro- 
cyte function or disrupt a metabolic pathway 
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involved in the activation of astrocytes. 


« 


We need to move beyond drugs that work 
on T cells and B cells,” Quintana says. Modu- 
lating those cells may help to treat relapsing 
MS, but progressive disease is driven by innate 
immune cells such as microglia and astro- 
cytes, and it’s “those cells we should be target- 
ing to arrest chronic progression,” he says. 

Research efforts such as Quintana’s could 
eventually help the million plus people world- 
wide who live with the disability of progressive 
MS. But as the years pass and his condition 
continues to deteriorate, Sturgeon, who now 
relies on a powered wheelchair and voice-con- 
trolled devices, is losing hope of researchers 
finding a therapy that can help someone in his 
advanced disease state. He plans to take ocreli- 
zumab next year after its anticipated approval, 
but he realises that the likelihood of it working 
for him is “pretty low”. 

“Tm walking a fine line between hope and 
acceptance,” says Sturgeon, who chronicles 
his experiences in a blog called Enjoying the 
Ride. But there is one reason to maintain hope. 
“We don't seem to be the forgotten group any- 
more,’ he says. “There’s some attention com- 
ing our way — and that helps.” = 


Elie Dolgin is a science writer based in 
Somerville, Massachusetts. 
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disorders is enormous’, and neurodegenerative diseases such 

as progressive multiple sclerosis (MS) represent the fastest- 
growing portion of this cost. But drug development for these diseases 
has so far been slow, expensive and mostly unsuccessful’. It is time 
for a rethink. 

Current disease-modifying treatments for MS, all of which target 
the immune system, have convincingly demonstrated that processes 
other than the formation of new lesions underlie much of the disability 
that develops as MS progresses. Many potentially pathogenic cellular 
processes have been implicated, but we still do not know which, ifany, 
are actually involved. 

It is unlikely that such a complex disease can be stopped by target- 
ing a single process, so treating progressive MS will probably require 
a combination of carefully targeted therapies. But making such per- 
sonalized combination treatments a reality will 
require a major overhaul of approaches to drug 
development and clinical trials, including new 
ways of measuring their success. 

Evidence that this is feasible comes from car- 
diovascular diseases, where this kind of individu- 
alized ‘polypharmacy’ is already a mainstream 
approach. Using biomarkers to identify multi- 
ple pathogenic processes, such as hypertension, 
hypercoagulability or hyperlipidaemia, allows 
physicians to provide the optimal combination 
of drugs. 

Compare that with MS care, where someone 
with an MS diagnosis is offered one of many 
available treatments based on side-effect profile 
and perceived efficacy, but not on the mecha- 
nisms responsible for that person's disease. When 
follow-up examinations reveal the development 
of a new CNS lesion, the old medicine is withdrawn and a new one 
is provided, equally blindly. Obviously, such a strategy is suboptimal: 
if there are multiple pathogenic processes, they need to be targeted 
simultaneously by several drugs. 

Unfortunately, this need is at odds with our current mode of drug 
development, which strives to demonstrate the clinical efficacy of each 
candidate drug individually. If multiple pathogenic processes contrib- 
ute to the destruction of CNS tissue, then targeting any single one of 
them, even with a highly effective therapy, will have only a small effect 
on the clinical outcome that is impossible to measure reliably in small, 
proof-of-principle phase II trials. 

Despite our lack of knowledge about the molecular mechanisms 
that underlie MS progression, we continue to use only insensitive 
clinical or imaging outcomes that require the study of hundreds of 
patients for at least two years to screen one drug at a time. This expen- 
sive and slow strategy has had some partial successes: systemically 
administered immunomodulatory agents have shown some efficacy 
when treating progressive MS. When given early enough, generally 
before the age of 50, such treatments may reduce the accumulation 
of disability by up to 25%. But how do we target the remaining 75%? 


r | Vhe economic and human cost of central nervous system (CNS) 
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Who dares, wins 


It is time for a bolder approach to developing drugs for progressive 
~/\ multiple sclerosis, says Bibi Bielekova. 


Whenever a research goal seems beyond our reach, it is time to 
examine whether the path we have taken assures the highest prob- 
ability of success. At some point, the prohibitive cost of screening MS 
drugs in de facto phase III trials will force us to adopt other, more 
creative solutions. 

Sampling cerebrospinal fluid (CSF) could provide comprehensive 
molecular information about processes in the CNS, but current clini- 
cal practice avoids it because lumbar puncture is considered to be an 
invasive procedure. Some argue that adding lumbar puncture to clini- 
cal trials would severely limit patient participation. But in my extensive 
experience of running MS clinical trials in which lumbar punctures are 
as frequent as every 3-6 months, fewer than 10% of patients decline 
to participate because of the procedure. My team has been able to 
measure with sufficient statistical power the varied pharmacodynamic 
effects of drugs being tested in as few as 15 patients treated for as 
little as 3 months**. This greatly outperforms the 
most sensitive clinical or structural-imaging MS 
outcomes’ and is analogous to using biomarkers 
such as blood pressure or lipid levels to screen 
drugs for their potential efficacy in cardiovas- 
cular diseases. 

The major drawback of using CSF biomark- 
ers for drug development is not the invasive- 
ness of a lumbar puncture, but the uncertainty 
about the predictive power of the biomarkers 
themselves. This gap in the knowledge can be 
filled only through clinical trials in which any 
early effects on biomarkers can be linked to later 
clinical outcomes. Adding biomarkers to the 
early stages of clinical trials can rapidly eliminate 
any treatments that have limited effects on the 
targeted process’, and can provide solid data for 
the optimization of doses and the number of par- 
ticipants required for phase III trials of promising agents. And finally, 
broad measurements of biomarkers in clinical trials would eventu- 
ally improve the knowledge base sufficiently to allow the assembly of 
effective drug combinations during the drug-development process 
and later in clinical practice. 

If we are to successfully tackle the burden of neurological diseases 
before their costs overwhelm us, it is time for neurology to become a 
more daring clinical discipline. m 


Bibi Bielekova is an investigator in the Neuroimmunological Diseases 
Unit at the Intramural Research Program of the US National Institute 
of Neurological Disorders and Stroke in Bethesda, Maryland, which 
supports her research programme. 

e-mail: bibi.bielekova@nih.gov 
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Jennifer Molson had severe multiple sclerosis until a stem-cell therapy triggered a recovery, and she now works at the Ottawa hospital where she was treated. 


Stemming the tide 


Could a high-risk treatment play a part in tackling multiple sclerosis? 


BY ASHER MULLARD 


hen neurologist Mark Freedman 
and haematologist Harry Atkins 
started planning a radical multiple 


sclerosis (MS) experiment in 1999, they set 
the wheels in motion for a spectacular failure. 
They learned nothing about how MS develops 
— but still achieved something remarkable. 
The two doctors at the University of Ottawa 
in Canada wanted to reset a patient's immune 
system in much the same way that you reboot 
a computer, hoping to watch the autoimmun- 
ity redevelop and thereby pinpoint the elusive 
origins of MS. The restart button was dan- 
gerous: a concoction of potentially fatal tox- 
ins that would destroy the aberrant immune 
cells that drive the neurodegenerative disease, 
followed by a transplantation of the patient’s 
own haematopoietic stem cells (which give 
rise to blood cells) to protect against sub- 
sequent infection. The researchers hoped 
that done cautiously, this extreme approach, 
called autologous haematopoietic stem-cell 


transplantation (aHSCT), might also buy their 
patients a little extra time. 

Freedman and Atkins have yet to see how 
immune cells turn against the central nerv- 
ous system in MS. “We failed, miserably,’ says 
Freedman, with a smile. Instead the pair had 
stumbled across something much more useful: 
a powerful treatment for the disease. Earlier 
this year they reported that of the 24 patients 
who have received aHSCT at the Ottawa Hos- 
pital, 23 have not relapsed’. 

“We took patients who were really going 
downhill fast, and we stopped the disease dead 
inits tracks,’ says Freedman. The responses are 
durable too, having lasted more than 14 years 
in some patients. Most of the patients stopped 
getting sicker, but half a dozen have made 
remarkable neurological recoveries. 

Other hospitals have reported similar suc- 
cess using aHSCT to treat MS. A recent meta- 
analysis of 15 studies since 1995, involving 
764 patients, found that 67% of aHSCT recipi- 
ents had no evidence of disease activity 5 years 
after treatment’. 


Even so, many neurologists have reserva- 
tions about the high-risk treatment, which 
haematologists initially developed as a last 
resort to treat blood cancers. And trials of 
aHSCT in MS have all been small and uncon- 
trolled, prompting some neurologists to argue 
that it is premature to embrace the results. 

“We've had many treatments that have 
appeared promising when used in uncon- 
trolled trials, but that have failed in larger tri- 
als,” warns Christopher Bever, a neurologist at 
the University of Maryland Medical Center in 
Baltimore. Already, he says, exploitative, unli- 
censed clinics around the world are profiteer- 
ing from the enthusiasm for stem cells. 


RISKY BUSINESS 

There is no disputing that the therapy car- 
ries great risk. The drugs that knock out the 
immune system bring patients to the brink 
of death — and around 2% of aHSCT-treated 
patients die from transplant-related causes’. 
Although this death rate is falling, reflecting 
a better understanding of how to deploy the 
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treatment in the clinic, recovery remains slow 
and painful, and the side effects can be lifelong. 
“Tt’s not for everyone,’ says Freedman. 

One person who did benefit, though, is Jen- 
nifer Molson. She was diagnosed with MS in 
1996, after pins and needles in her left hand 
made her drop a jug of milk on the floor. Five 
years later, at the age of 26, her disease was so 
aggressive that she needed help bathing, get- 
ting dressed and eating. She had quit her job, 
given up her dreams of becoming a police 
officer, and was confined to a wheelchair. 

A grim magnetic resonance imaging (MRI) 
scan eventually provided a silver lining. “It 
looked like someone had taken a cheese grater 
to my brain,” she says. Freedman, who was one 
of her doctors, turned to her and said “Con- 
gratulations, you are sick enough now. Now we 
can try and do something for you,” she recalls. 

In June 2002, Molson became the fifth MS 
patient to receive 
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marrow that they 
would later use to 
bolster her immune 
system. For 10 days, they blasted her with 
chemotherapy to kill off the faulty immune 
cells that were responsible for her decline; the 
rest of her immune system was collateral dam- 
age. On day 11, the doctors reinjected her with 
the stem cells to stave off what could otherwise 
be deadly infections. 

She hit rock bottom during the subsequent 
month in the hospital, and spent more than 
a year at home recuperating. “I had no idea 
how sick I was going to be,” she says. She still 
had the neurodegenerative losses of MS, but 
she also started vomiting on a daily basis and 
was plagued by ‘chemo fog’ — thinking and 
memory problems brought on by the chemo- 
therapy drugs. Her energy was gone, as was 
her hair. She came down with a painful case of 
shingles and a blood infection. “I went into a 
bit of depression,” she says. ““What did I do to 
myself?’ I'd wonder” 

But Molson was one of the lucky ones. The 
next patient to enter the trial died 62 days after 
transplantation from treatment-related sepsis 
and liver injury. 

Eventually, Molson made a remarkable 
recovery. When she started the trial, she could 
not stand up on her own. Last summer, she 
went paddle boarding on the choppy, chilly 
Ottawa river. She still has to take drugs for 
heartburn and for chemotherapy-induced 
menopause, but she has been free from MS 
relapse for 14 years. “I like to use the word 
‘cure. The doctors don't, so we'll stick with 
‘lasting remission,” says Molson, who now 
works as a research assistant in the hospital 
where she was treated. 

In total, 35% of the patients in Freedman’s 


physicians.” 


trial have enjoyed sustained improvements 
on an expanded disability status scale, which 
quantifies MS disability. 

No one really knows what is driving these 
recoveries, although Freedman suspects that 
remyelination might be occurring. In MS, 
inflammatory flare-ups strip neurons of their 
protective myelin sheaths, leaving them vul- 
nerable to degeneration. Cells called oligoden- 
drocytes can remyelinate damaged neurons, 
but this regenerative ability tends to fade as the 
disease progresses. Researchers have strug- 
gled, and so far failed, to use drugs to induce 
remyelination’. 

The stem cells used in aHSCT are intended 
to protect patients from infection, and are not 
thought to be involved in remyelination. But 
preliminary imaging data nevertheless suggest 
that the remyelination pathway might be acti- 
vated in some aHSCT recipients. 


DIVIDED OPINION 

Neurologists remain divided over how to roll 
out aHSCT to patients with MS, however. “The 
bottom line for me is that aHSCT is unproven,’ 
says Bever. He calls the results “striking”, but 
argues that they need to be handled with care 
until they are replicated in a larger, controlled 
clinical trial. “I don’t bring it up with patients,” 
he adds. 

Jeffrey Cohen, a neurologist at the Cleveland 
Clinic in Ohio, is more optimistic. “The evi- 
dence already supports using this approach in 
patients with very active disease that have failed 
all the available therapies,’ he says. But these 
patients are rare, he adds, and “the available evi- 
dence does not support using it more generally’ 

Freedman, whose team now considers 
offering aHSCT to 2 or 3 patients per month, 
counters that there is a case for broader use. 
Transplantation should be a treatment option 
for patients who have rapidly developing and 
uncontrollable disease’, he says. If neurologists 
use aHSCT only as an absolute last resort, he 
adds, they might miss the window of opportu- 
nity when it offers the most promise. Once the 
disease becomes too advanced, or patients lose 
the ability to cope with immuno-ablation, the 
risk-benefit analysis for aHSCT can become 
more complex. 

More clinical trials could resolve the debate. 
In 2012, Freedman and his colleagues planned 
a 114 patient, controlled phase III trial of 
aHSCT, in which control patients would be 
randomized to the best available therapy ini- 
tially and then crossed over onto aHSCT only 
when their disease progresses’. But funding for 
the trial has remained elusive, and recruitment 
might also be problematic because people in 
the control group might drop out to explore 
other experimental options. Some researchers 
want to use safer, less toxic drugs to wipe out 
the immune system in the first phase of the 
treatment — a move that Freedman says is a 
mistake because it could leave behind autoim- 
mune cells as well. 
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Researchers are also advancing an entirely 
different approach that uses mesenchymal 
stem cells. Whereas haematopoietic stem 
cells are intended only to prevent infection in 
aHSCT, mesenchymal stem cells are thought 
to offer regenerative capabilities. Preclinical 
data suggest that mesenchymal cells secrete 
proteins that can protect axons, improve neu- 
ronal survival and induce repair®. 

A few phase I studies have shown that these 
cells are safe’, and researchers are now look- 
ing for signs of efficacy in larger phase II trials. 
Freedman, for example, is collaborating with 
colleagues to enrol 40 patients with either 
relapsing—-remitting or secondary progressive 
MS into a Canadian trial called MESCAMS. 
The results, which are expected in late 2017 
or early 2018, will be pooled with data from 
another 120 patients who are receiving the 
same stem-cell treatment in other countries. 

Cohen is also set to launch a phase II trial 
using mesenchymal stem cells in 120 patients 
with MS in 2017. His group is fine-tuning 
some technical details, such as how many mes- 
enchymal stem cells to inject into patients, and 
whether the cells should be frozen before use 
or injected directly from culture. “These seem 
like pedestrian issues, but are probably very 
important,’ he says. 

Despite the huge amount of uncertainty that 
surrounds the experimental use of stem cells, 
a growing number of clinics with dubious 
scientific qualifications are already cashing 
in on the stem-cell hype. Profit-driven clinics 
around the world are offering experimental 
treatments — that may or may not actually 
include stem cells — to any patients with MS 
who will pay. “It’s a big issue,’ says Cohen. “It’s 
hard to know what's actually going on in these 
clinics.” 

Molson empathizes with desperate people 
who turn to these clinics through frustration 
with the slow pace of scientific progress. “I was 
willing to die to get better. I was in their shoes,” 
she says. But even she did not properly appreci- 
ate the full risks ofa legitimate treatment — in 
a regulated trial, where she knew exactly what 
she was getting — until it was too late. “People 
who are thinking about doing this need to talk 
to their physicians,’ she says. 

Stem cells may finally be starting to live up 
to their potential in treating MS — but they are 
still not ready for prime time. = 


Asher Mullard is a freelance science journalist 
based in Ottawa, Canada. 
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Changing the recipe 


Dietary changes may be able to alleviate the symptoms of multiple sclerosis, but testing the 
effects of diet will need a different protocol to the one used for drugs. 


BY SUJATA GUPTA 


people with multiple sclerosis (MS) includes 

fish, whole grains, nuts, almond milk, blue- 
berries and carrots. It excludes milk, cheese, 
meat, crisps and foods containing refined flour 
or sugar. 

Katz Sand, a neurologist and MS specialist 
at the Mount Sinai Hospital in New York City, 
says she came up with this diet after scouring the 
literature for studies, often in animal models, 
that found a correlation between a given food, 
supplement or dietary restriction and positive 
outcomes in MS. 

But rather than looking at a single ingredient, 
or providing patients with ready-made, stand- 
ardized meals, Katz Sand wants to let patients 
buy their own ingredients and prepare their 
food at home. “People are not mice,” she says. 
“We can't put them in a cage and feed them 
exactly what we want to feed them” 

And that’s the problem. Hints have begun 
to emerge that dietary (and lifestyle) changes 
that reduce inflammation may help people to 
control their MS, but it is simply not possible 
to study diet in the same way as drugs. When 


[= Katz Sand’s grocery shopping list for 


researchers test a new drug, they divide people 
randomly into a treatment or a control group, 
blind all participants and investigators to that 
selection, and then provide a standardized 
amount of the drug or placebo for a set length 
of time. This highly regimented set-up, known 
as a double-blind, randomized, controlled trial, 
is the gold standard for drug research. 

But it is almost impossible to standardize 
diets in this way, and participants always know 
which group they are in. Those in the control 
group have little incentive to wait around for 
months or years, leading to high dropout rates. 
Efforts are underway to establish a methodol- 
ogy for dietary studies, but it will take time to 
yield results. Meanwhile, in an environment that 
effectively favours pharmaceuticals over well- 
ness initiatives, people with MS do not want to 
wait and are making dietary changes on their 
own — and it does not always help. 


LOW FAT 

The idea that people can treat MS by changing 
their diet has been around for more than half 
acentury. One of the pioneers was neurologist 
Roy Swank, who, in the 1940s, studied the dis- 
ease at the University of Montreal in Canada. 


Le 


= 


He observed that MS 
was prevalent in the 
meat-eating coun- 
tries of Europe and 
the United States, but 
was nearly absent in most of Asia, Africa and 
South America, where meat consumption was 
much lower. He found the perfect test case in 
Norway, where people living inland, who ate 
lots of meat and potatoes, had higher rates of 
MS than coastal residents, whose diet was based 
on fish. He sent a questionnaire to neurologists 
and hospital administrators in both regions and 
discovered that inland Norwegians were eight 
times more likely to develop MS than those on 
the coast. 

In 1949, Swank put Norwegians with MS 
on a diet that involved eating less meat and 
milk products, but more fish. Other approved 
foods included a small amount of lean meat, 
eggs, nuts, cereal and skimmed milk. Swank 
studied 144 of the participants for several 
decades. In a 1990 analysis’, he reported that 
when patients adhered to a diet of less than 
20 grams of saturated fat per day, 95% of them 
were able to maintain normal activities for the 
next 30 years. When they deviated from the 


Ilana Katz Sand (right) 
is trying to see whether 
dietary changes can 
benefit her patients. 
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diet, even after years of compliance, the disease 
invariably got worse. 

But Swank’s research was flawed by today’s 
standards. When investigators for Cochrane 
Reviews, systematic reviews of primary 
research, looked at the purported link between 
diet and MS in 2012, they determined’ that 
Swank’s studies did not meet the inclusion cri- 
teria, says lead reviewer Mariangela Farinotti, 
a lab technician at the Carlo Besta Neurological 
Institute in Milan, Italy. Swank’s studies lacked 
acontrol group and stringent screening criteria 
— and because imaging technologies were not 
available at the time, it is possible that some of 
Swank’s patients did not have the disease at all. 
And crucially, during the fourth year of Swank’s 
study, a large number of patients dropped out. 

Even worse, Farinotti’s team found that none 
of the studies included in the review showed 
an alleviation of MS symptoms. “We have no 
evidence about any kind of dietary treatment 
being effective on MS,’ Farinotti says. 


VITAL VITAMINS 

Despite this lack of evidence, many people with 
MS have latched onto the idea that lifestyle 
and dietary changes can help. Studies from 
Europe, Australia and the United States show 
that 50-75% of people with MS couple their 
pharmaceutical treatments with some form of 
complementary or alternative medicine. 

Inflammation in MS occurs when the 
immune cells attack the nervous system, so any 
dietary and lifestyle changes known to reduce 
inflammation do make sense, at least in theory. 

And the Cochrane review does not disprove 
the idea of dietary benefits for people with MS. 
Farinotti and her team excluded studies of 
vitamin D, for example, which has been linked 
to MS, as they were covered under a different 
review that showed some benefit of vitamin D, 
but in a study too small to justify making any 
recommendations. Moreover, because Fari- 
notti’s team limited their review to randomized, 
controlled trials, they examined only six stud- 
ies, all investigating polyunsaturated fatty acids 
(PUFAs), which are found mainly in fish. No 
vitamin, antioxidant or holistic dietary studies 
made the cut. 

This constraint makes some advocates of die- 
tary therapy view the Cochrane review with sus- 
picion. “We don't eat supplements, we eat food,” 
says Terry Wahls, director of the Therapeutic 
Lifestyle Clinic at the lowa City VA Hospital. 
Wahls, who has MS, has created an enormously 
popular diet for MS that is a variation on the 
low-grain, meat-heavy Palaeolithic diet, but is 
higher in vegetables and lower in meat. 

Since the Cochrane review was completed, 
many studies, including some that would have 
met the reviewers’ stringent criteria for inclu- 
sion, have shown promise in treating MS with 
dietary changes. Perhaps most striking is a series 
of studies that support the Cochrane review in 
debunking the belief that PUFAs found in fish 
oil pills can benefit people with MS, instead 


attributing those benefits to vitamin D. In 
2012, a two-year Norwegian trial’ involving 
92 patients, in which half received fish-oil cap- 
sules and half were given a placebo, found no 
difference between the groups in terms of lesion 
number observed by magnetic resonance imag- 
ing (MRI), disease progression, fatigue levels or 
other measures of quality of life. 

Earlier this year, researchers reported results 
of a study* in which 30 people with relapsing- 
remitting MS, a form that affects 85% of those 
initially diagnosed with the disease, received 
high doses of vitamin D. They were slightly 
less likely to experience relapses, and had fewer 
lesions visible on MRI scans, than the 23 control 
subjects. 

Both vitamin D and PUFAsare high in certain 
species of fish, says Mivind Torkildsen, a neu- 
rologist at the University 


of Bergen in Norway, who “We 

was involved with both , 

studies. “We were lookin don't eat 
neta 8 supplements, 


at the wrong compound” 

Another study pub- 
lished this year? — a rand- 
omized, controlled trial of 61 patients — found 
that those who ate no animal products or took 
no supplements for a year (the McDougall diet, 
named after John McDougall, a doctor inspired 
by Swank) had lower levels of fatigue than those 
in the control group. 


we eat food.” 


SMART DESIGN 

These studies are starting to show that dietary 
changes can benefit patients with MS, but 
designing trials to test diets remains enormously 
challenging. Wahls had to make some difficult 
choices as she designed a trial to compare her 
high-fat, modified Palaeolithic diet with Swank’s 
low-fat diet. The study, which is funded by a 
US$1 million grant from the US National Mul- 
tiple Sclerosis Society, could shed light on the 
rift in the MS community over whether fat is 
good or bad for people with MS. 

Wahls will observe 100 people with relapsing- 
remitting MS for 12 weeks before splitting them 
randomly into the Swank or the Wahls treat- 
ment. For 12 weeks, participants will receive 
dietary guidance for their allotted diet, fol- 
lowed by 12 weeks for them to follow the diet 
on their own. Wahls and her team will then use a 
questionnaire to measure fatigue levels. Because 
fatigue changes faster than mental clarity and 
gait, Wahls says, it is easier to study in the short 
term than other measures. To minimize drop- 
out, she opted against using a control group and 
will instead compare fatigue levels between the 
observation and treatment periods. 

But George Jelinek, a neuroepidemiologist at 
the University of Melbourne in Australia, who 
like Wahls began studying the link between diet 
and MS after being diagnosed with the disease, 
thinks that the lack ofa control group is a prob- 
lem. “What if the diets are equivalent?” he asks. 
“It could be a placebo effect for both of them? 

Even if the treatments both work equally 
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well, the 12 week observation period serves as 
a proxy for a control group, Wahls says. “The 
best outcome,’ she says, “is that both diets are 
relatively equivalent, and they both do a greater 
job of reducing fatigue than during the observa- 
tion period” 

Meanwhile, at Mount Sinai, Katz Sand was 
grappling with the same issues as her colleagues 
as she sought to set up her own study. How was 
she going to measure participants’ adherence to 
the diet, for instance? Should she jump on the 
high-fat or low-fat bandwagon? How could she 
stop people dropping out? 

To sort out her methodology, Katz Sand 
designed a 30 person, 6 month pilot study that 
launched at the start of October. After some 
preliminary research, she opted to test a modi- 
fied Mediterranean diet that is rich in whole 
grains, fruits, vegetables and healthy fats, such 
as those found in fish, nuts and avocados. She 
excluded foods that contain saturated fat, such 
as meat and cheese. She allowed vitamin D sup- 
plements, but only if participants fell below the 
established normal range. 

People in the treatment group also receive 
intensive education about the diet and have 
regular meetings with a nutritionist. To meas- 
ure adherence, participants must complete 
dietary questionnaires and have routine blood 
tests to measure their levels of salt, fatty acids 
and other nutrients. To discourage participants 
from dropping out, those in the control group 
will meet every month to discuss health and 
wellness issues in MS. Katz Sand has also imple- 
mented a modified waiting list control group, so 
that people assigned to the control group will 
be offered the same treatment (apart from the 
regular meetings and monitoring) as the test 
group at the end of the study. 

The difficulties of studying wellness initia- 
tives, such as changes to diet and lifestyle, affect 
the assessment of treatments for a wide range of 
conditions. But MS provides a measurable way 
to study the effect of diet on long-term health. 
Nicholas LaRocca, vice-president of health-care 
delivery and policy research at the National 
Multiple Sclerosis Society, hopes investigators 
will one day be able to show quantitatively how 
dietary changes alleviate the symptoms of MS. 

In the meantime, if Katz Sand’s methodology 
works, she will have helped to contribute to the 
development of a new gold standard for clini- 
cal trials that will let wellness-based treatments 
stand on an equal footing with their pharma- 
ceutical counterparts. = 
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Myeloid cells — targets of medication 
in multiple sclerosis 


Manoj K. Mishra and V. Wee Yong 


Multiple sclerosis (MS) is an immune-mediated disease of 
the CNS. The involvement of lymphocytes of the adaptive 
immune system in MS pathogenesis is widely acknowl- 
edged, whereas innate myeloid antigen-presenting cells 
(APCs), which include monocytes, macrophages, den- 
dritic cells and microglia, are less commonly linked to the 
disease. This discrepancy is surprising, as macrophages 
and microglia are the predominant inflammatory cells 
in active or chronic MS plaques'™, and they persist in 
secondary progressive MS’. Activated myeloid APCs 
— referred to as myeloid cells in this Review to empha- 
size their functions beyond antigen presentation — can 
produce several inflammatory cytokines, free radicals, 
proteases and other mediators of tissue injury in MS. 
Moreover, considerable interactions between lymphocytes 
and myeloid cells augment the inflammatory milieu, the 
components of which in turn destroy oligodendrocytes 
and cause axonal injury and demyelination‘. 

In this Review, we introduce the types, subtypes and 
functions of myeloid cells, discuss their involvement in 
MS and the inflammatory animal model experimental 
autoimmune encephalomyelitis (EAE), consider the 
mechanisms by which they cause tissue injury, and dis- 
cuss the impact on myeloid cells of immunomodulators 
that are used to treat MS. 


Myeloid cells 

Myeloid cells include monocytes, macrophages, micro- 
glia and dendritic cells. Each of these cell types has 
distinct developmental origins, and serves different 


Abstract | Discussions of multiple sclerosis (MS) pathophysiology tend to focus on T cells and B cells 
of the adaptive immune response. The innate immune system is less commonly considered in this 
context, although dendritic cells, monocytes, macrophages and microglia — collectively referred 
to as myeloid cells — have prominent roles in MS pathogenesis. These populations of myeloid cells 
function as antigen-presenting cells and effector cells in neuroinflammation. Furthermore, a 
vicious cycle of interactions between T cells and myeloid cells exacerbates pathology. Several 
disease-modifying therapies are now available to treat MS, and insights into their mechanisms of 
action have largely focused on the adaptive immune system, but these therapies also have 
important effects on myeloid cells. In this Review, we discuss the evidence for the roles of myeloid 
cells in MS and the experimental autoimmune encephalomyelitis model of MS, and consider how 
interactions between myeloid cells and T cells and/or B cells promote MS pathology. Finally, we 
discuss the direct and indirect effects of existing MS medications on myeloid cells. 


functions at different sites. Furthermore, subtypes of 
each group are defined according to their functions and 
expression of cell surface receptors. 


Origins 

The origins of myeloid cells have been extensively dis- 
cussed previously*’, so will only be summarized briefly 
here (FIG. 1). During gestational development, microglial 
and macrophage precursors develop from erythro- 
myeloid progenitors in the yolk sac and migrate into 
their target tissues as soon as the circulatory system is 
established®*’. These precursors give rise to CNS- 
resident microglia and tissue-resident macrophages, 
such as Kupffer cells in the liver and Langerhan cells in 
the skin. The overall development of these cells depends 
on their expression of the PU.1 transcription factor 
and macrophage colony-stimulating factor 1 receptor 
(CSF-1R). 

After birth, microglia are not thought to be replen- 
ished by extra-CNS cells*!', whereas monocytes continue 
to be produced and maintained by haematopoietic stem 
cells (HSCs) within the bone marrow. Conventional den- 
dritic cells originate from myeloid-derived precursors in 
the bone marrow, but dendritic cells can also be derived 
from monocytes under inflammatory conditions. 


Functions and subtypes 

Monocytes. Circulating monocytes are classified into 
two groups. Monocytes that express CD115, lympho- 
cyte antigen 6C (Ly6C) and C-C chemokine receptor 
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Key points 


e The roles of lymphocytes in multiple sclerosis (MS) pathophysiology are well known, 
but myeloid cells, including monocytes, macrophages, microglia and dendritic cells, 
are also important 

e Interactions between lymphocytes and myeloid cells exacerbate injurious processes 

¢ Myeloid cells are not the main targets of immunomodulators that are used to treat 
MS, but are still affected by them in disease-relevant ways 

¢ The actions of MS immunomodulators on myeloid cells contribute to the clinical 
efficacy of these therapeutic approaches 


type 2 (CCR2) on their surface are known as immature 
proinflammatory monocytes*”. These cells home in 
on an area of injury, where the local tissue milieu pro- 
motes their differentiation into proinflammatory macro- 
phages’’. The second subset of circulating monocytes 
express low levels of Ly6C and high levels of CX3CRI, 
and do not express CCR2. These cells are known as reg- 
ulatory, patrolling monocytes, and can become tissue- 
resident macrophages under healthy conditions”’. These 
patrolling cells can include perivascular macrophages 
that are found in the perivascular space between the 
endothelial and parenchymal basement membranes of 
post-capillary venules, where leukocytes gather before 
migrating across the blood-brain barrier'*”>. Perivascular 
macrophages can detect antigens in the perivascular 
space and help to activate lymphocytes, which subse- 
quently enter the CNS parenchyma. Evidence for this 
mechanism comes from the observation that depletion of 
monocytes and macrophages by clodronate-containing 
liposomes blocks the invasion of the CNS parenchyma 
by leukocytes in animals with EAE'®. Other macrophage 
populations in the non-diseased brain include meningeal 
macrophages and choroid plexus macrophages; the lat- 
ter detect disturbances in the brain-cerebrospinal fluid 
barrier that result from injury or infection. 


Macrophages and microglia. Like monocytes, macro- 
phages and microglia can be subclassified on the basis of 
their polarization”. For many years, two major subsets 
of macrophages have been defined: ‘M1’ macrophages 
(classical activation) and ‘M2’ macrophages (alternative 
activation)'*”, IFN-y and lipopolysaccharide are activa- 
tors of M1 macrophages. On activation, these cells gen- 
erate high levels of nitric oxide by producing inducible 
nitric oxide synthase, which uses arginine as a substrate. 
M2 macrophages are activated by local tissue damage 
or parasitic infestation. In the commonly studied ‘M2a 
phenotype, which is generated by IL-4 and IL-13 treat- 
ment in tissue culture studies, arginine is used as a sub- 
strate for arginase-1 to form ornithine, a precursor of 
polyamines, proline and collagen, which are needed 
for wound healing'’. M1 and M2 macrophages also 
produce different cytokines (FIG. 2): M1 macrophages 
produce high levels of IL-1, IL-12 and tumour necro- 
sis factor (TNF), which are largely proinflammatory, 
whereas M2 macrophages secrete predominantly reg- 
ulatory and/or anti-inflammatory cytokines, including 
IL-4 receptor antagonist, IL-10 receptor antagonist and 
IL-1 receptor antagonist. 


The M1-M2 subdivision of macrophages empha- 
sizes the functional differences, but the classification is 
now recognized as being oversimplified. Macrophages 
with a variety of different markers and properties can 
develop, depending on the activation stimuli and micro- 
environmental influences'*. A 2014 study in which 
human macrophages were activated with different stim- 
uli revealed a spectrum of at least nine different varieties 
on the basis of transcriptome profiles’. Better deline- 
ation of the subtypes of macrophages — and probably 
of microglia and other myeloid cells — is needed”. For 
the remainder of this Review, we will refer to M1 and 
M2 macrophages as proinflammatory and regulatory, 
respectively, except where cells were comprehensively 
characterized in specific studies. However, the cur- 
rent consensus is that proinflammatory and regulatory 
macrophages are just two varieties in a spectrum of many 
macrophage phenotypes (FIG. 2). 

Microglia are distinguishable from bone marrow- 
derived macrophages, as they express lower levels of 
CD45°!. Under basal conditions, microglia are highly 
dynamic and constantly patrol the CNS microenviron- 
ment”. Activation of these cells leads to an increase in 
their size, upregulated expression of several molecules, 
and initiation of effector functions, including antigen 
presentation, chemoattraction, and phagocytosis of 
debris or toxic factors such as ferrous ions. Activated 
microglia can be injurious to the CNS, or provide benefits 
such as neuroprotection, mobilization of neural precur- 
sors, remyelination and axonal regeneration, a dichotomy 


that has previously been discussed extensively*”*. 


Dendritic cells. Conventional dendritic cells are impor- 
tant myeloid cells that activate T cells both in the healthy 
state and in response to pathogenic triggers. These 
cells express CD11b and CD1Ic, and are distinct from 
B220*CD11c* plasmacytoid dendritic cells”, which have 
mixed characteristics of lymphocytes and dendritic 
cells. Plasmacytoid dendritic cells are thought to be less 
efficient than conventional dendritic cells at presenting 
antigens to activate T cells”*, but evidence shows that 
they have complex roles. In one study, adoptive transfer 
of myelin antigen-loaded plasmacytoid dendritic cells 
into mice with ongoing EAE led to recovery from the 
condition”. 


Myeloid cells in EAE 

Two of the most consistent aberrations observed in EAE 
and MS are the recruitment of blood-borne monocytes 
to become CNS macrophages, and the activation of res- 
ident microglia (FIG. 3). In this section, we discuss studies 
that have identified these aberrations and the underlying 
mechanisms. 


Monocytes and macrophages 

In EAE, egress of proinflammatory monocytes from 
the bone marrow increases soon after immunization of 
mice with myelin peptides to induce disease, and these 
monocytes accumulate in the blood before entering 
the CNS**". Substantial transmigration of monocytes 
into the spinal cord coincides with the clinical onset of 
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disease**” and, as demonstrated by the use of irradiation 
and parabiosis in combination, infiltration of monocytes 
into the CNS is necessary for the clinical severity of 
EAE to worsen”. The infiltrating monocytes were found 
to trigger progression of EAE disability, but did not 
contribute to the microglial pool in the CNS. 
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Figure 1 | Development of myeloid cells. a | During gestational development of the 
mouse, after embryonic day 8.5 (E8.5), yolk sac-derived erythromyeloid progenitor cells 
(EMPs) migrate through a nascent circulatory system to the brain and other tissues to 
become long-lived microglia and tissue-resident specialized macrophages (top). After 
embryonic day 12.5 (E12.5), other fetal macrophage populations derived from EMPs, 
such as those in the aorta-gonad-mesonephros and liver, mature into tissue-resident 
macrophages. Maturation of different macrophage populations depends on expression 
of the different transcription factors shown. b | Postnatally and throughout life, 
monocytes are produced by haematopoietic stem cells (HSCs) and myeloid-derived 
precursors (MDPs), which also give rise to dendritic cells. At least two populations of 
circulating monocytes exist: regulatory monocytes that are available to become 
resident, tissue-specific macrophages, and proinflammatory monocytes that migrate 
into tissues where the local milieu promotes their differentiation into proinflammatory 
macrophages. CSFR1, colony-stimulating factor 1 receptor; FLT3, Fms-like tyrosine 
kinase 3; MyB, transcriptional activator Myb; PU.1, transcription factor PU.1; RUNX1, 
runt-related transcription factor 1. 
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Transmigration of leukocytes, including mono- 
cytes, across the glia limitans and into the CNS paren- 
chyma™ requires matrix metalloproteinases (MMPs); 
monocytes, macrophages and microglia express a vari- 
ety of MMPs in EAE and when activated in vitro*>**. 
Furthermore, levels of extracellular MMP inducer 
(CD147), an upstream regulator of MMP expression, 
are elevated in leukocytes (including monocytes) and on 
lesional macrophages and microglia in EAE. Inhibition 
of CD147 activity reduces EAE severity”', indicating 
that expression of CD147 and MMPs by myeloid cells 
contributes to disease progression. 

Multiple lines of evidence indicate that proinflamma- 
tory monocytes are important in EAE. For example, in 
mice, numbers of proinflammatory monocytes increase 
in the blood within 1 day of myelin peptide immunization 
to induce EAE”. Depletion of monocytes and/or macro- 
phages in rodents, either by administration of agents such 
as silica dust or clodronate liposomes or by CCR knock- 
out*!, reduces or prevents the clinical manifestations 
of EAE*”**, Similarly, depletion of monocytes and/or 
macrophages attenuates influx of CD4* T cells into the 
CNS'**”. Furthermore, medications, including dipyrid- 
amole”, that inhibit the activation of proinflammatory 
myeloid cells ameliorate EAE in mice, and administration 
of regulatory monocytes has the same outcome*!™. 

Besides antigen presentation that activates T cells, 
proinflammatory myeloid cells have numerous effector 
functions in EAE, including the production of cytokines 
and chemokines that can further promote inflamma- 
tory responses. These responses include recruitment of 
lymphocytes into the CNS**’, phagocytosis of debris 
(degenerated myelin, for example)“, and generation of 
oxidative stress and other mediators of injury***”’. For 
example, through the use of serial block-face electron 
microscopy of fluorescently labelled microglia, mono- 
cytes and macrophages from mice with EAE, monocyte- 
derived macrophages were shown to associate with the 
nodes of Ranvier and initiate demyelination, and 
the resultant debris was microcytosed by microglia®. 

Evidence shows that another effector function of 
macrophages that is relevant to EAE is the linking of sym- 
pathetic stress with the inflammatory axis. Noradrenaline 
— an important mediator of the response to many stress- 
ors — is known to be involved in the development of 
EAE*, and one study has shown that macrophages 
contribute to the underlying mechanism: increased 
production of noradrenaline by macrophages owing to 
inactivation of the transcription factor Nr4al promoted 
recruitment of leukocytes into the CNS and exacerbated 
EAE”. The same study also showed that myeloid-specific 
deletion of tyrosine hydroxylase, the rate-limiting enzyme 
in noradrenaline synthesis, protected against EAE in 
mice. Interestingly, compared with healthy controls, 
patients with MS were found to express higher levels 
of tyrosine hydroxylase in their CD14* monocytes®. 


Microglia 

Microglial activation is a hallmark of demyelinating 
lesions in EAE*!**. Moreover, in the chronic phase of 
EAE, when the density of T cells in lesions has subsided, 
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Figure 2 | Characteristics of macrophage subsets. Subsets of macrophages, and 
probably microglia, include proinflammatory and regulatory cell types that are 
generated by specific activators and produce specific cytokines. Facilitatory interactions 
exist between T,,1 or T,,17 cells and proinflammatory macrophages, and between T,,2 
cells and regulatory macrophages. This classification is likely to undergo further revision, 
as the proinflammatory and regulatory subsets are now thought to represent only two 
examples from a spectrum of many potential phenotypes (left). IC, immune complex; 
LPS, lipopolysaccharide; TGF-B, transforming growth factor B; T,,, T helper; TNF, tumour 
necrosis factor. 


accumulation of activated microglia persists in areas of 
neuronal dysfunction. Activated microglia can dam- 
age oligodendrocytes and neurons by producing free 
radicals and proinflammatory cytokines, such as TNF®. 
Microglia can also boost activation of T cells that have 
entered the CNS™. In tissue culture, microglia that had 
been preactivated with IFN-y were nearly as efficient as 
dendritic cells at inducing proliferation of naive T cells 
and restimulating proinflammatory T helper 1 (T,,1) 
cells, whereas astrocytes were ineffective; conversely, 
all three cell types were capable of restimulating regu- 
latory T,,2 cells**. Moreover, activated T cells can engage 
microglia to stimulate production of several cytokines 
and other molecules that can further promote injury’. 

Evidence shows that in early lesion formation in 
EAE, microglia form perivascular clusters before demy- 
elination or clinical signs become apparent®. Microglial 
activation and production of reactive free radicals are 
thought to be initiated by the serum protein fibrinogen, 
which leaks across the disrupted blood-brain barrier. 
Depletion of microglia” or downregulation of genes 
within microglia® results in attenuation of disease 
severity and demyelination in EAE. 

In other models of neurological injury, microglia 
have been shown to have protective roles that might 
be relevant in EAE. In a model of stroke, for example, 


microglia reduced toxicity by engulfing neutrophils”. 3D 
electron microscopy has shown that microglia that have 
been activated by a systemic lipopolysaccharide injection 
disrupt inhibitory GABAergic presynaptic terminals in 
projections from cortical neurons in adult mice, result- 
ing in elevated synchronized firing of cortical neurons, 
expression of neurotrophic molecules, and decreased 
neuronal apoptosis”. Although persistent activatation 
of microglia results in detrimental outcomes, the protec- 
tive effects in models of other disease suggest that these 
cells could serve useful functions at certain stages of EAE 
disease, and this possibility remains to be clearly defined. 


Myeloid cells in multiple sclerosis 

Activated macrophages and microglia are hallmarks of 
active lesions with ongoing demyelination and axonal 
injury in MS'**', and several lines of evidence indi- 
cate that these cells are associated with brain injury. 
"C-PK11195 PET imaging of microglia shows that 
microglial activity in the cortical grey matter of living 
individuals with MS corresponds with progression 
of disability. Indeed, microglial activation can be 
detected before demyelination in ‘preactive’ lesions in 
MS. Histological examination of autopsy specimens has 
revealed that in normal-appearing white matter from 
individuals with MS, the extent of local microglial 
inflammation correlates with the extent of paranodal 
disruption’. Another study showed that cortical demy- 
elination and diffuse axonal injury in normal-appearing 
white matter was associated with profound microglial 
activation®. Furthermore, microglial activation can 
be detected in normal-appearing white matter before 
leukocyte infiltration, demyelination or blood-brain 
barrier disruption®*. Among patients with MS, those 
who exhibit prominent microglial activation are the 
same patients that exhibit signs of cortical lesions®. In 
progressive MS, nodules that represent aggregates of 
microglial cells are very prominent in lesions’. These 
findings all suggest that inhibition of neurotoxic micro- 
glia is likely to be a useful therapeutic strategy in MS, 
but many currently used MS medications have a poor 
capacity to cross the blood-brain barrier. 

Evidence from one study suggests that markers 
associated with proinflammatory (including CD40°, 
CD86* and CD32") and regulatory (including mannose 
receptor-expressing and CD163*) cells are expressed 
throughout the course of an active demyelinating MS 
lesion by activated macrophages and microglia that 
have engulfed myelin®. This finding led to the conclu- 
sion that although activated macrophages in active MS 
lesions predominantly exhibit proinflammatory char- 
acteristics, a considerable number of these cells have 
a mixed proinflammatory and regulatory activation 
status. Similarly, in a study of early MS lesions charac- 
terized by microglial nodules in the normal-appearing 
white matter, the microglial populations exhibited both 
proinflammatory and anti-inflammatory phenotypes”. 
In a third study, activated microglia in preactive and 
remyelinating lesions in MS brain specimens were 
also found to express mixed ‘M1’ and ‘M2’ markers®; 
this study also showed that, at least in tissue culture, 
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Figure 3 | Postulated immune cascades in multiple sclerosis. Myeloid cells and B cells are competent antigen-presenting 
cells that are thought to present a molecular mimic of a myelin peptide to generate myelin-reactive T,,1 and T,,17 cells that 
can further activate myeloid cells. Activated immune cells produce an inflammatory milieu (proinflammatory cytokines, 
chemokines, proteases, free radicals and glutamate) that damages the endothelium; the same cells can then adhere to 
endothelial cells and produce proteases, such as the matrix metalloproteinases, that enable them to transmigrate across 
the blood-brain barrier into the CNS. Local antigen presentation in the CNS can further activate T cells, leading to cycles 
of activation of myeloid cells and B cells in the CNS. Activated immune cells and the proinflammatory milieu are thought 
to contribute to neural injury. GM-CSF, granulocyte macrophage colony-stimulating factor; T,,, T helper; TNF, tumour 
necrosis factor. 
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microglia that were polarized in one direction could 
convert to the opposite polarization when exposed to 
the counter polarization cytokine regimen. 

Similar associations with MS disease activity have 
been reported for myeloid cells in the circulation. 
Enzyme-linked immunospot assays have detected higher 
levels of monocytes that secrete proinflammatory IL-6 
and IL-12 in untreated patients with MS than in healthy 
controls®. Assays of dendritic cells have shown similar 
differences in levels of cells that secrete IFN-y, TNF and 
IL-6 (REF. 70). Elevation in the numbers of proinflam- 
matory monocytes that produce IL-12 correlates with 
the presence of gadolinium-enhancing MRI lesions in 
patients with MS”. A recent study has also indicated that 
the numbers of CD16* monocytes, which are presumed 
to have regulatory roles, are relevant to MS”. These cells 
were found to be depleted in the circulation of patients 
with MS; within the cerebrospinal fluid, the ratio of reg- 
ulatory CD16* to proinflammatory CD16” monocytes 
was lower in patients with relapsing-remitting MS than 
in controls with no inflammation. 

Myeloid cells in mice and humans have some differ- 
ential properties: expression of markers for proinflam- 
matory or regulatory subsets differs (for example, Ly6C 
is a proinflammatory marker of mouse but not human 
cells, which are better identified according to their 
expression of CD14 and CD16), and a mixed phenotype 
seems to be more common in humans than in mice. 
Nevertheless, evidence suggests that the properties of 
myeloid cells in mice generally predict the properties 
of their human counterparts. 


Myeloid and T cell interaction 

Dendritic cells, macrophages and microglia can present 
antigens and, consequently, activate and polarize T cells 
(FIG. 3). CNS sites at which myeloid cells and T cells inter- 
act include the CNS parenchyma after leukocyte infil- 
tration; the perivascular space between the endothelial 
and parenchymal basement membranes of post-capillary 
venules, where leukocytes gather before migrating across 
the blood-brain barrier’*”; and the subarachnoid space 
of the leptomeninges”. Molecules from differentiated 
T,,1 and T,,17 cells can, in turn, induce further myeloid 
cells to become proinflammatory. This vicious cycle 
damages the blood-brain barrier and facilitates the 
transmigration of activated T cells and other leukocytes 
into the CNS. Within the CNS, T cells can interact with 
microglia or other infiltrating myeloid cells, resulting 
in mutual reactivation””’, and propagation of neural 
injury (FIG. 3). 

The interaction between T cells and myeloid 
cells seems to be mediated by the cytokine GM-CSF 
(granulocyte macrophage colony-stimulating factor), 
which is a requisite for the development of EAE’”*”*. 
GM-CSF produced by encephalitogenic T cells in EAE 
causes expression of chemokines by CCR2*Ly6Ch# 
monocytes and activation of inflammasomes in the 
same cells, leading to sustained inflammation and CNS 
tissue injury”. Interestingly, deletion of the GM-CSF 
receptor gene (Csf2rb) in conventional or monocyte- 
derived dendritic cells or microglia did not improve the 


Figure 4 | Proposed actions of disease-modifying > 
multiple sclerosis therapies on myeloid cells. In the 
periphery, glatiramer acetate and laquinimod promote the 
generation of regulatory myeloid cells. Dimethylfumarate 
and IFN-B reduce generation of proinflammatory T,,1 and 
T,,17 cells by affecting myeloid cell antigen presentation. 
The availability of proinflammatory cells can be reduced 
through depletion of B cells with rituximab or ocrelizumab, 
depletion of T,, cells, B cells and monocytes with 
alemtuzumab, or inhibition of lymphocyte proliferation 
with teriflunomide. Dimethylfumarate, fingolimod and 
laquinimod can cross the blood-brain barrier and are 
thought to inhibit microglia activity in the CNS. Regulatory 
myeloid cells and T,,2 cells generated by glatiramer acetate 
in the periphery also modulate microglial activity in the 
CNS. T,,1 and T,,17 cell production as a result of antigen 
presentation within the CNS might also be affected by 
laquinimod and glatiramer acetate-generated regulatory 
myeloid cells. These effects in the CNS probably reduce 
neurotoxic effects in multiple sclerosis. MMP, matrix 
metalloproteinase; T,,, T helper; VLA-4, very late antigen-4 ; 
VCAM-1, vascular cell adhesion protein 1. 


outcomes of EAE, whereas loss of GM-CSF signalling 
in CCR2*Ly6C™** monocytes led to a phenocopy of 
the resistance to EAE found in Csf2rb-deficient mice”. 
In a proposed model of the pathogenic mechanisms, 
GM-CSF produced by T,, cells coordinates the recruit- 
ment of CCR2*Ly6C™#* monocytes into the CNS and, 
consequently, promotes tissue injury”. 


Action of MS drugs on myeloid cells 

T cells and B cells are most frequently discussed as 
targets of disease-modifying therapies in MS*°*', but 
these drugs also affect myeloid cells. In this section, we 
describe the direct and indirect effects of MS medica- 
tions on myeloid cells (FIC. 4). A recent review compre- 
hensively summarized the biology of myeloid cells as 
potential drug targets, including the development of 
antagonists to receptors on myeloid cells, such as CCR2, 
P2X7 and CSF1 (REF. 82). Our focus, however, is on 
whether emerging or established MS medications act 
on myeloid cells even if these cells were not the original 
intended targets. 


IFN-B 

IFN-6 has diverse mechanisms of action in MS*’, and 
several actions on myeloid cells. For example, in cells 
obtained from patients with MS or healthy controls, 
IFN-6 alters the expression of co-stimulatory mole- 
cules that are needed for antigen presentation on mye- 
loid cells***°, and inhibits dendritic-cell-mediated T,,17 
cell differentiation®. In mature dendritic cells, IFN-6 
inhibits CCR7 expression and MMP-9 production, and 
reduces the capacity of these cells to migrate into the 
CNS, thereby potentially preventing the reactivation 
of encephalitogenic T cells within the CNS*. Similarly, 
exposure of cultured monocytes from patients with MS 
to IFN-B reduces their production of various MMPs but 
increases expression of physiological MMP inhibitors 
known as TIMPs; these changes indicate a less migra- 
tory phenotype™. Finally, in monocytes and dendritic 
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cells from patients with MS, IFN-B upregulates the 
expression of B7-H1, a strong inhibitor of CD4* T-cell 
activation®. 

Genome-wide expression profiling and functional 
studies in patients with MS have determined that IFN-B 
non-responders have higher levels of co-stimulatory 
molecules, such as CD86, on myeloid dendritic cells 
before the initiation of treatment with IFN-B. The 
finding suggests that patients with MS who have more 
preactivated dendritic cells are less likely to respond to 
IFN-f therapy. IFN-6 treatment also promotes apop- 
totic responses in mature dendritic cells”', providing 
further evidence that the drug effects myeloid cells. 

Studies in EAE have also demonstrated the impact 
of IFN-B on myeloid cells. Studies of mice with defec- 
tive IFN-6 signalling have indicated that the therapeutic 
effect of IFN-f is attributable to its ability to stimulate 
production of the regulatory cytokine IL-27 — which 
limits T,,17 cell development — by myeloid cells”. 
Furthermore, mice that lack the widely expressed type 1 
interferon receptor develop more-severe EAE than do 
wild-type mice, and this increase in severity was repli- 
cated in mice with selective ablation of type 1 interferon 
receptor in myeloid cells; by contrast, deletion of the 
type 1 interferon receptor in B cells or T cells did not 
lead to an increase in disease severity”. These results 
strongly suggest that targeting of myeloid cells by IFN-B 
is involved in the amelioration of neuroinflammation. 

Experiments in cells from patients with MS provide 
further evidence that myeloid cells are targets of IFN-B. 
Specifically, monocytes from IFN-f-treated patients 
produce lower levels of proinflammatory cytokines, 
including IL-12p70 (REF. 94), and higher levels of the 
regulatory cytokine IL-10 (REF. 85) than do monocytes 
from patients not treated with IFN-f, implying a switch 
to regulatory myeloid cell subtypes. Monocytes from 
patients treated with IFN-B also have a decreased 
capacity to generate reactive oxygen species”, but 
produce high levels of brain-derived neurotrophic 
factor (BDNF). Monocytes from individuals treated 
with IFN-B also express higher than normal levels of 
immunoglobulin-like transcript 3, a receptor involved 
in inhibition of immune responses’’. Furthermore, 
dendritic cells from patients who receive IFN-B have 
normal levels of IFN-y and TNE whereas levels of these 
factors are elevated in cells from untreated patients 
with MS”. 


Glatiramer acetate 

The best-documented mechanism of action of glati- 
ramer acetate is the generation of regulatory, anti- 
inflammatory T,,2 cells that secrete IL-4, IL-10 and 
transforming growth factor , but this drug also affects 
myeloid cells. Glatiramer acetate leads to the generation 
of regulatory myeloid cells (referred to as type II APCs 
in some studies)*”***’, which, according to several lines 
of evidence, are responsible for the generation of T,,2 
cells. Furthermore, adoptive transfer of regulatory 
monocytes that have been produced in response to 
glatiramer acetate can confer protection against EAE 
on recipient mice”. 


Evidence indicates that glatiramer acetate treat- 
ment of patients with MS reduces expression of the 
co-stimulatory molecule CD40 on their blood-derived 
dendritic cells, and this reduction is associated with 
depeletion of T,,1 cells but increased numbers of CD4* 
T cells expressing regulatory markers'”. Glatiramer 
acetate has also been shown to inhibit nitric oxide 
production and to increase the phagocytic activity 
of microglia and monocytes, further suggesting that 
the drug can induce polarization of these cells away 
from a proinflammatory phenotype’. Similarly, expo- 
sure of microglia to glatiramer acetate increases their 
production of IL-10 and their phagocytic activity, but 
decreases their production of TNF — all features of a 
regulatory subtype”. 

Evidence that glatiramer acetate acts on myeloid 
cells has also come from studies of monocytes from 
the blood of patients with MS who are receiving this 
therapy. These cells, when compared with those from 
untreated MS patients or healthy controls, exhibit 
increased phagocytic activity’ and production of 
the anti-inflammatory soluble IL-1 receptor antag- 
onist'™, and have a regulatory phenotype character- 
ized by decreased production of IL-12 and increased 
IL-10 (REFS 98,99). Moreover, monocytes isolated from 
patients with MS 3 days after the initiation of daily 
glatiramer acetate therapy exhibit increased production 
of IL-10 on ex vivo activation’. 

Together, this evidence shows that glatiramer ace- 
tate has many effects on myeloid cells that directly 
or indirectly promote the development of regulatory 
phenotypes in these cells and T cells. ''C- PK11195 
PET imaging further supports this hypothesis: use of 
this technique to detect microglia revealed that micro- 
glial activation in cortical grey and white matter had 
decreased at 1 year after exposure to glatiramer acetate 


compared with pretreatment values’. 


Fingolimod 
Fingolimod was the first oral therapy to be approved 
for the treatment of relapsing-remitting MS. The 
phosphorylated form of fingolimod is an agonist of 
sphingosine-1-phosphate (S1P) receptors, and modu- 
lates expression of these receptors at the cell surface’”. 
The S1P receptors are present on various immune cell 
types and myeloid cells. By interfering with S1P recep- 
tor signalling in immune cells, fingolimod sequesters 
lymphocytes within the lymph node and prevents their 
access to target sites where they would inflict injury’. 
Myeloid cells are affected by fingolimod, and sev- 
eral lines of evidence indicate that they tend to become 
less proinflammatory as a result. Expression of S1P 
receptor 3 is higher in regulatory monocytes than in 
proinflammatory monocytes, increasing the likeli- 
hood that these regulatory cells will be affected by fin- 
golimod. Macrophages that are exposed to fingolimod 
in culture polarize towards an M2-like phenotype”. 
Similarly, treatment of murine monocytes with fingoli- 
mod increases the recruitment of regulatory monocytes 
to blood vessels during remodelling in mice”. In macro- 
phages that are generated from human monocytes, 
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production of the proinflammatory marker IL-12 is 
reduced by exposure to fingolimod"’. In activated 
microglia, fingolimod downregulates producton of 
proinflammatory cytokines and increases production 
of BDNF". Fingolimod also reduces the migratory 
capacity of dendritic cells, probably by decreasing 
expression of CCR6 (REF. 113). Furthermore, evidence 
suggests that fingolimod alters myeloid cells to become 
not only regulatory, but also more reparative: in a tissue 
culture model of demyelination, fingolimod modulated 
microglial activation in a way that boosted markers of 
remyelination™. 

In EAE mice, fingolimod treatment results in accu- 
mulation of monocytes in the spleen and bone marrow, 
suggesting that it restricts egress of monocytes!"». 
In activated monocytes in EAE, fingolimod reduces 
expression of CD40 and production of TNF'. 

Fingolimod has also been shown to affect myeloid 
cells in patients with MS. In one study, treatment with 
fingolimod did not reduce the absolute numbers of 
CD11c* dendritic cells and monocytes, but did dimin- 
ish the capacity of these cells to produce proinflamma- 
tory cytokines''®. Furthermore, monocytes cultured 
from fingolimod-treated patients with MS exhibited 
low expression of the proinflammatory microRNA 
miR-155 (REF. 117). 


Dimethylfumarate 

Dimethylfumarate is absorbed through the small intes- 
tine and metabolized rapidly to its active metabolite, 
monomethylfumarate. Besides reducing generation of 
proinflammatory T cells, dimethylfumarate activates 
the Nrf-2 antioxidant pathway, thereby protecting 
neural cells from oxidative damage’. 

Evidence that dimethylfumarate affects myeloid 
cells is currently limited, but it does exist. For exam- 
ple, dimethylfumarate has been shown to inhibit the 
maturation of dendritic cells and decrease expression 
of MHC and co-stimulatory molecules in these cells; 
as a result, fewer T,,1 and T,,17 cells are generated 
during antigen presentation’. Similarly, dimethyl- 
fumarate seems to inhibit production of nitric oxide 
and proinflammatory cytokines by microglia’”, and to 
suppress the release of neurotoxins from HIV-infected 
macrophages”'; overall, these responses result in less- 
toxic myeloid cells. In EAE, dimethylfumarate reduces 
the severity of disease, an effect that is associated 
with a reduction in macrophage infiltration into the 
spinal cord’. 

In patients with MS who were receiving dimethyl- 
fumarate therapy, 12 months of treatment was associ- 
ated with a reduction in lymphocyte counts, although 
monocyte numbers were not altered’”’. Increased num- 
bers and/or activity of regulatory dendritic cells has 
been documented in MS patients on dimethylfumarate 
treatment. A study published in 2016 showed that 
monocytes from dimethylfumarate-treated MS patients 
expressed miR-155 at lower levels than did mono- 
cytes from untreated patients''’”. In the same study, 
dimethylfumarate treatment of lipopolysaccharide- 
activated monocytes or microglia in culture restricted 
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the expected increase in TNF and IL-6 in activated 
cells, demonstrating its direct inhibitory effects on 
myeloid cells. 


Teriflunomide 
Teriflunomide is an inhibitor of the mitochondrial 
enzyme dihydroorotate dehydrogenase (DHODH)'”. 
Fast-proliferating lymphocytes are dependent on 
DHODH and are, therefore, targets of this drug’. 

In EAE, teriflunomide reduces the numbers of 
T cells and monocytes that infiltrate the CNS, and 
improves disease outcomes’”®'”’, In culture, terifluno- 
mide increases the secretion of IL-10 by microglia’”® 
and inhibits microglia-driven proliferation of T cells’”*. 
Teriflunomide also inhibits IL-6 and CCL2 produc- 
tion by activated human monocytes”. To date, little is 
known about the effects of teriflunomide therapy on 
myeloid cells in patients with MS. 


Laquinimod 

Laquinimod is an immunomodulator that diffuses 
across the blood-brain barrier, and is an emerging MS 
therapy’. In tissue culture, laquinimod decreases the 
levels of proinflammatory cytokines and MMP-9 in 
monocytes and microglia*”!””!*. In addition, laquini- 
mod reduces the capacity of dendritic cells to induce 
CD4* T-cell activation", decreases chemokine produc- 
tion by dendritic cells’*', and suppresses the migration 
of monocytes in tissue culture studies’’. 

In mice, laquinimod modulates the proinflam- 
matory activity and migratory capacity of myeloid 
cells**915°, and adoptive transfer of laquinimod- 
exposed monocytes, which have a regulatory phenotype, 
ameliorates EAE’. Several studies have shown that 
laquinimod inhibits activation of microglia in culture 
and in EAE”, 

Ina study of patients with MS, serum levels of BDNF 
were higher after laquinimod treatment than at baseline 
or in placebo-treated patients; the elevated BDNF level 
was thought to result from the induction of a regulatory 
myeloid phenotype by laquinimod’’. However, another 
study showed that laquinimod treatment of patients 
with MS did not alter the abundance of monocyte 
subtypes and/or the functional activity of monocytes’. 


Monoclonal antibodies 
Several monoclonal antibodies, most of which are 
targeted to T cells or B cells, are used as therapies in 
MS. Some evidence suggests that these antibodies also 
affect myeloid cells. In particular, natalizumab binds to 
a4-integrin not only on lymphocytes, but also on mye- 
loid cells, thereby blocking their migration into the 
CNS™, Patients with MS who receive natalizumab treat- 
ment for 24 months have high numbers of circulating 
monocytes and lymphocytes, probably because these 
cells do not enter the CNS'°. Whether the increased 
levels of monocytes are accompanied by a bias towards 
the regulatory phenotype remains unknown. 

Possible effects of other monoclonal antibodies on 
myeloid cells are less clear. Alemtuzumab is a human- 
ized monoclonal antibody that targets CD52, a cell 
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surface glycoprotein expressed by many leukocyte sub- 
sets'**, Alemtuzumab depletes lymphocytes through 
complement-mediated lysis of CD52°* cells. Infusion of 
a single dose of alemtuzumab causes long-lasting deple- 
tion of lymphocytes, but not of monocytes’; whether 
alemtuzumab profoundly affects the activity of myeloid 
cells remains unknown. 

Targeting of B cells with monoclonal antibodies 
in MS is an active area of research, as B cells are now 
known to be important in the pathogenesis of this con- 
dition’*’. A study published in 2015 identified a subset 
of GM-CSF-expressing memory B cells that were more 
abundant in patients with MS than in healthy controls, 
and that activated myeloid cells in culture’. Treatment 
of these patients with rituximab, a monoclonal anti- 
body that depletes B cells by targeting CD20 (REF. 140), 
reduced GM-CSF-dependent proinflammatory myeloid 
responses. Thus, by depleting B cells, rituximab treat- 
ment has the downstream consequence of controlling 
myeloid cell activity. Nevertheless, much remains 
unknown about the effects of rituximab, or the human- 
ized anti-CD20 monoclonal antibody ocrelizumab, on 
myeloid cells. 


Glucocorticoids 

Glucocorticoids, including methylprednisolone, are 
commonly used to treat acute relapses of MS. These 
agents act on glucocorticoid receptors, which are 
expressed on many cell types, so their effects on cellular 
processes are widespread and diverse. Glucocorticoids 
affect various subsets of immune cells, the transcrip- 
tional activity of immune-related genes, and many 
immune pathways (reviewed elsewhere"'), with effects 
that include reduction of the proliferative rate of leuko- 
cytes, apoptosis of leukocytes, suppression of pro- 
inflammatory cytokine production by T,,1 and T,,17 
cells, and improvement of the integrity of the blood- 
brain barrier owing to reductions in protease activity and 
leukocyte trafficking. 

The effects of glucocorticoids also extend to myeloid 
cells. It has been known for over 30 years that gluco- 
corticoids reduce the numbers of circulating monocytes 
and suppress multiple functions of activated myeloid 
cells, including their accumulation at sites of inflam- 
mation and their release of cytokines’. The capacity 
of glucocorticoids to regulate proinflammatory versus 
regulatory cytokines might differ: one report indicates 
that macrophages exposed to dexamethasone inhibit 
the production of proinflammatory IL-12 while increas- 
ing that of the regulatory cytokine IL-4 in co-cultured 
T cells. 

In mice, treatment with liposome-encapsulated glu- 
cocorticoids ameliorated EAE, and this effect was asso- 
ciated with repression of proinflammatory macrophage 
activity and increased expression of genes associated 
with the regulatory ‘M2’ phenotype’. Another study 
showed that a low dose of polyethylene glycosylated 
methylprednisolone reduced the severity of EAE toa 
similar extent to high-dose free methylprednisolone, 
an effect that was accompanied by a significant reduc- 
tion in macrophage and microglial accumulation in 


the CNS"™®. Thus, the therapeutic effect of glucocorti- 
coids in EAE mice is associated with a decrease in the 
numbers of myeloid cells in the CNS, or enrichment of 
regulatory subpopulations. 

Studies have also shown that glucocorticoids have a 
beneficial effect on myeloid cells in patients with MS. 
In one study, treatment with high doses of glucocorti- 
coids not only reduced T cell activity, but also reduced 
the numbers of CD14* circulating monocytes, thereby 
ameliorating their proinflammatory effects'*”. Another 
study showed that brief treatment with intravenous 
methylprednisolone at the time of MS relapse led to a 
significant decline in numbers of circulating plasma- 
cytoid dendritic cells, and a trend towards decreased 
numbers of circulating myeloid dendritic cells’; these 
findings suggest that methylprednisolone acts — at least 
in part — on myeloid cells to treat MS relapses. Another 
study showed that treatment with 1 g of intravenous 
methylprednisolone for 4 days at the time of an acute 
MS relapse increased levels of transcripts encoding the 
regulatory cytokine IL-10 in peripheral blood mono- 
nuclear cells, and decreased levels of TNF and IFN-y 
transcripts’. Serum levels of IL-10 were also increased 
by glucocorticoid treatment. 


Conclusions 

Activation of immune cells and their infiltration into 
the CNS are prominent features of MS pathogenesis. 
T cells and B cells have received considerable attention 
in this context, but it is now clear that myeloid cells 
also have vital roles in the immunopathology of MS. 
Indeed, myeloid cells could be the direct or indirect tar- 
gets of several immunomodulators that are used for the 
treatment of MS. Myeloid cells have probably received 
less attention in this context because their numbers 
are replenished quickly, in contrast to the long-lasting 
lymphocyte depletion that results from some MS 
medications. 

We have grouped monocytes, macrophages, den- 
dritic cells and microglia together under the single 
umbrella of myeloid cells, but these cell types could 
be differentially affected by immunomodulators, and 
this possibility requires further examination. Another 
important consideration is that although excessively 
activated myeloid cells contribute to MS pathology, 
aspects of myeloid cell function are beneficial; such 
aspects include their production of neurotrophic fac- 
tors, their removal of myelin and cellular debris'*’, and 
their protection of neurons”. Therapeutic interven- 
tions that block the damaging effects of myeloid cells 
in disease while preserving their beneficial functions 
would be a valuable advance in the management of MS. 
Some of the medications that we have discussed have 
such properties; for example, glatiramer acetate reduces 
proinflammatory myeloid properties by generating reg- 
ulatory myeloid cells*. However, further therapeutics 
that are targeted specifically to myeloid cells would be 
an advantage. A greater understanding of the complex 
properties of myeloid cells in health and in MS will 
aid the development of such therapies and improve the 
management and prognosis of MS. 
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Transcription factor Nr4al couples sympathetic and 
inflammatory cues in CNS-recruited macrophages to 
limit neuroinflammation 


Iftach Shaked!-8, Richard N Hanna! 8, Helena Shaked!, Grzegorz Chodaczek*, Heba N Nowyhed!, George Tweet!, 
Robert Tacke!, Alp Bugra Basat!, Zbigniew Mikulski?, Susan Togher!, Jacqueline Miller!, Amy Blatchley!, 
Shahram Salek-Ardakani*, Martin Darvas‘, Minna U Kaikkonen°, Graham D Thomas!, Sonia Lai-Wing-Sun*®, 
Ayman Rezk®, Amit Bar-Or®, Christopher K Glass’, Hozefa Bandukwala! & Catherine C Hedrick! 


The molecular mechanisms that link the sympathetic stress response and inflammation remain obscure. Here we found that the 
transcription factor Nr4a1 regulated the production of norepinephrine (NE) in macrophages and thereby limited experimental 
autoimmune encephalomyelitis (EAE), a mouse model of multiple sclerosis. Lack of Nr4a1 in myeloid cells led to enhanced 

NE production, accelerated infiltration of leukocytes into the central nervous system (CNS) and disease exacerbation in vivo. 

In contrast, myeloid-specific deletion of tyrosine hydroxylase (TH), the rate-limiting enzyme in catecholamine biosynthesis, 
protected mice against EAE. Furthermore, we found that Nr4al repressed autocrine NE production in macrophages by recruiting 
the corepressor CoREST to the Th promoter. Our data reveal a new role for macrophages in neuroinflammation and identify Nr4a1 
as a key regulator of catecholamine production by macrophages. 


Multiple sclerosis (MS) is an autoimmune inflammatory disease of the 
central nervous system (CNS) that has long been associated with stress 
and the sympathoadrenergic response!”. The sympathetic hormone 
norepinephrine (NE), a major mediator of the response to physi- 
ological and psychological stressors, has been shown to be involved 
in the pathology of experimental autoimmune encephalitis (EAE), the 
rodent model of MS?-®. However, the molecular mechanisms that link 
stress signaling to neuroinflammation remain unclear. 

The Nr4a orphan nuclear receptors Nr4al (Nur77), Nr4a2 (Nurr1) 
and Nr4a3 (Nor1) are encoded by early-immediate response genes 
rapidly induced by a variety of physiological stimuli’. Nr4al, like 
other members of the Nr4a family, is involved in early sympathetic 
stress response in the neuroendocrine system®"!!. At the same time, 
Nr4al has an important role in leukocytes, in which it is a central 
regulator of innate and adaptive immune responses. As such, Nr4al 
is involved in the activation and differentiation of macrophages in 
atherosclerosis!*!3 and also controls the differentiation and survival 
of nonclassical Ly6C~ patrolling monocytes!+)>. Furthermore, Nr4al 
is rapidly induced in T cells following activation of the T cell antigen 
receptor and reflects the strength of signaling via this receptor!®. Thus, 
Nr4al is involved both in immunity and in the stress response and 
it might therefore represent a key junction in the crosstalk between 


the sympathetic nervous system and immune system, particularly 
in the context of neuroinflammation. 

To test that hypothesis, we used an established model of EAE 
and found that mice lacking Nr4al developed accelerated and 
exacerbated disease that was accompanied by high concentrations 
of NE and interleukin 6 (IL-6) and early auto-aggressive infiltration 
of T cells into the CNS. Mechanistically, we discovered that Nr4al 
inhibited macrophage expression of tyrosine hydroxylase (TH), 
the rate-limiting enzyme for NE production!’. We found that 
myeloid-specific deletion of TH protected mice from EAE. Our 
data demonstrate a major role for the production of NE by macro- 
phages in neuroinflammation and identify an important mechanism 
for the regulation of NE by Nr4al. 


RESULTS 

Nr4al expression in myeloid cells limits EAE severity 

To determine if Nr4al has a role in CNS autoimmunity, we analyzed 
Nr4al expression in mice during EAE. We used a passive model of 
EAE (Supplementary Fig. 1a) that involves the in vitro differentiation 
of autoreactive CD4* T lymphocytes from 2D2 mice (which have 
transgenic expression of a T cell antigen receptor specific for a mye- 
lin oligodendrocyte glycoprotein peptide of amino acids 35-55)!8 
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Figure 1 High expression of Nr4al in a 
myeloid cells in the CNS at the onset 

of EAE. (a) /n vivo imaging of the induction 
of Nr4al in spinal cord before (naive) or 

7 d after (Day 7) the transfer of 2 x 10° 
2D2-DsRed T cells into Nr4al-GFP 

reporter mice. Scale bars, 30 um. (b) Flow 
cytometry of leukocytes isolated from the 
CNS of Nr4a1-GFP reporter mice at day 10 
after the induction of EAE: top two rows, 
gating scheme; below, quantification of 
Nr4al-GFP expression, presented as median 
fluorescence intensity (MFI). Numbers in 
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cells (top right), MHCII-Ly6G* granulocytes (bottom right) or MHCII-Ly6G~ monocytes (bottom left) (bottom left plot). Data are representative of 
three (a) or two (b) independent experiments (error bars (b), s.e.m. of n = 6 mice). 


into the Ty1 subset of helper T cells, followed by adoptive transfer 
of the cells into host mice (Supplementary Fig. 1b). To address Nr4al 
expression during EAE at the cellular level, we induced the disease 
in mice expressing green fluorescent protein (GFP) under control 
of the Nr4al promoter (Nr4al-GFP)!°. By intravital microscopy, 
we observed significant induction of Nr4al-GFP expression in the 
spinal cord at the onset of EAE (Fig. 1a). To determine the identity 
of the cells expressing Nr4al-GFP, we used flow cytometry. We 
identified microglia as CD45!°CD11b* cells!9, whereas the pheno- 
type CD455ICD11b* identified infiltrating myeloid cells (Fig. 1b). 
We further gated CD45iCD11b* infiltrating myeloid populations 
to distinguish among granulocytes (Ly6G*MHCII-), monocytes 
(Ly6G-MHCII-) and macrophages (Ly6G-MHCII*) (Fig. 1b). 
Macrophages identified by flow cytometry in the CNS were also posi- 
tive for the core tissue macrophage marker CD64 and the receptor 
MerTK”, while monocytes characteristically expressed some CD64 
but not MerTK?! (Supplementary Fig. 1c). Nr4al-GFP had high 
expression in infiltrating macrophages and, to a lesser extent in 
infiltrating monocytes, and in resident microglia (Fig. 1b). Nr4al 
expression was relatively low in granulocytes and other infiltrating 
cells (which were probably non-2D2 lymphocytes) (Fig. 1b). 

To address the importance of Nr4al expression in CNS autoim- 
munity, we induced EAE in Nr4al1~'~ mice”. This resulted in much 
earlier onset and exacerbated disease development (Fig. 2a and 
Supplementary Fig. 2a,b), as well as accelerated body mass loss 
(Supplementary Fig. 2c), compared with that of wild-type mice. 
Nr4a1~'~ mice were also more susceptible than wild-type mice to EAE 
induced by active immunization with myelin oligodendrocyte glyco- 
protein peptide (amino acids 35-55) (Supplementary Fig. 2d). 

Nr4al had high expression in myeloid cells in the CNS at the onset of 
EAE (Fig. 1). Therefore, to address the role of Nr4al in myeloid cells, we 
used mice with specific deletion of loxP-flanked Nr4a1 alleles (Nr4a1/) 
by Cre recombinase expressed from either of two well-characterized 
myeloid-specific transgenes, LysM-Cre (Nr4al4lyM) or Csflr-Cre 
(Nr4a14Cs!lr), We first analyzed the expression of Nr4al mRNA 
and deletion efficacy in the myeloid cells in these strains. In Nr4a1"/ 
mice negative for the Cre-encoding transgenes, Nr4al mRNA had its 
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highest expression in monocytes and macrophages, with lower expres- 
sion in granulocytes and microglia (Fig. 2b). Expression of LysM-Cre 
significantly reduced the expression of Nr4al mRNA in macrophages, 
monocytes and granulocytes but not in microglia, while expression of 
Csflr-Cre effectively reduced the expression of Nr4al mRNA in all 
myeloid populations (Fig. 2b). Mice with myeloid-specific deletion of 
Nr4al achieved via either LysM-Cre or Csfr1-Cre developed substan- 
tially exacerbated EAE compared with that of their Nr4a1“/l (control) 
littermates (Fig. 2c,d and Supplementary Fig. 2e). To assess the possi- 
bility ofa role of Nr4al in T cells in EAE onset, we transferred Nr4a1 == 
2D2 autoimmune T cells into wild-type mice. In contrast to the myeloid 
deletion of Nr4a1, T cell-specific loss of Nr4a1 had no effect on disease 
outcome (Supplementary Fig. 2f). Collectively, these data suggested 
that Nr4al expression in infiltrating monocytes and monocyte-derived 
macrophages might serve a protective role in EAE. 

To further characterize the phenotype of Nr4al-'~ mice, we 
sought to determine the identity of inflammatory cells in their CNS 
by flow cytometry. To track myeloid cells in vivo, we used Nr4al*/* 
and Nr4al1-/~ mice expressing a CX3CR1-GFP reporter, in which a 
GFP-encoding sequence is knocked into one allele of the gene encod- 
ing the chemokine receptor CX3CR1, a marker of macrophages 
and microglia?>-°, In this setting, microglia were characteristically 
CD45!°CX3CRI1-GFP"%, while infiltrating monocytes-macrophages were 
CD454iCX3CR1-GFP!°CD11b!i (Fig. 2e). To track CNS-infiltrating 
2D2 T cells, we used 2D2 cells expressing the red fluorescent protein 
DsRed?’ for injection into recipient mice. The majority (68%) of the 
inflammatory CNS infiltrate in wild-type mice was 2D2 cells, while 24% 
of the infiltrate was infiltrating CD1 1b"! myeloid cells (Fig. 2e). The infil- 
tration of total leukocytes (all CD45*) and specifically 2D2 T cells was 
about sixfold higher in Nr4a1~/~ mice than in Nr4a1*!* mice (Fig. 2e). 
Among the infiltrating myeloid cells, macrophages represented the 
main cell population (~80%), and their numbers were significantly 
greater in Nr4al~/~ mice than in Nr4a1*!* mice (Fig. 2e). 

The number of infiltrating monocytes was also greater in Nr4a1~/- 
mice than in Nr4al*/* mice (Supplementary Fig. 3a). Most of the 
infiltrating monocytes in both strains were inflammatory Ly6C* 
monocytes (Supplementary Fig. 3a). Non-classical Ly6C~ monocytes 
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Figure 2 Loss of Nr4al leads to accelerated and exacerbated EAE. (a) Clinical EAE scores of wild-type or Nr4a1-“~ host mice (n = 5 per group) after transfer 


of 1 x 106 Ty1-polarized 2D2 T cells. P< 0.0001 


(two-way analysis of variance (ANOVA)). (b) Quantitative RT-PCR analysis of Nr4a1 mRNA in monocytes, 


macrophages and granulocytes (sorted from splenocytes) and microglia (sorted from brain cells) of Nr4alf/l, Nr4a1ALysM or Nr4a14Csflr mice (n = 4 per 
group) at baseline, before EAE induction. (c) Clinical EAE scores of Nr4a1*! and Nr4a144™ host mice (n = 5 per group) after transfer of 1 x 10° Ty1- 
polarized 2D2 T cells. P< 0.05 (two-way ANOVA). (d) Clinical EAE scores of Nr4a1*’fl or Nr4a14Csflr host mice (n = 5 per group) after transfer of 0.5 x 10& 
Tyl-polarized 2D2 T cells. P< 0.005 (two-way ANOVA). (e) Isolation and identification of leukocytes from CNS of Nr4a1~- or Nr4a1*/+ host mice on the 
CX3CR1-GFP background (n = 3 mice per group), on day 7 after transfer of 2 x 10© DsRed* 2D2 T cells: left, gating scheme; right, abundance of cells 

in various subsets (horizontal axis), assessed by flow cytometry. Numbers in outlined areas (left) indicate percent CX3CR1-GFPh'CD45!° microglia (top) or 
CX3CR1-GFP!°CD45"" cells (bottom) (top left plot); CD11b"'DsRed- myeloid cells (top left), CD11b-DsRed- cells (bottom left) or CD11b-DsRed" 2D2 

T cells (bottom right) (bottom left plot); or MHCII+Ly6G- macrophages (top left), MHCII-Ly6G+ granulocytes (bottom right) or MHCII-Ly6G~- monocytes 
(bottom left) (bottom right plot). (f) /n vivo confocal imaging of neutrophils and blood vessels (blue) in the spinal cord adjacent to the posterior spinal vein 
(PSV) of Nr4a1** or Nr4a1~- host mice on the CX3CR1-GFP background after transfer of 2 x 106 DsRed* 2D2 T cells, given injection of allophycocyanin- 
conjugated antibody to Ly6G just before analysis. Scale bar, 50 um. (g) Blood concentration of IL-6, CXCL1 and NE during onset of disease (day 7) in host 
mice after transfer of 1 x 10® 2D2 T cells (EAE; n = 3 mice per group) or in naive mice (n = 4 per group). ND, not detectable. (h) Expression of //6, Cxc/1, 
Ccl5 and Th mRNA among total mRNA extracted from the lumbar spinal cord of wild-type or Nr4a1-/- mice before the induction of EAE disease (Naive) or 
at various stages of EAE disease progression (horizontal axes); results are presented relative to the values in wild-type naive mice. *P< 0.05, **P< 0.01 
and ***P< 0.001 (unpaired Student’s +test). Data are representative of six independent experiments (a), two experiments (b,e), three independent 
experiments (f) or one experiment (h) or are pooled from two independent experiments (c,d,g; error bars (a-e,g,h), s.e.m.). 


represented only a minor fraction in Nr4a1*/* mice and were almost 
completely absent in Nr4a1-/~ mice (Fig. 2e), in line with the reported 
role of Nr4al in the differentiation of Ly6C~ monocytes!». Studies 
have shown that in EAE, Ly6Ct inflammatory monocytes are recruited 
to the CNS and give rise to macrophages, and that infiltrating Ly6C* 
monocyte and monocyte-derived macrophage populations are critical 
for EAE development?*8-3, Analysis of monocytes isolated from the 
CNS of Nr4al-GFP mice showed that Nr4al had its highest expression 
in Ly6C~ monocytes but was also expressed in Ly6C* monocytes dur- 
ing disease (Supplementary Fig. 3b), which suggested an important 
role for Nr4al in regulating these cell types in EAE. 

By intravital microscopy, we confirmed earlier infiltration of leuko- 
cytes and more-severe CNS damage in Nr4a1-/~ mice than in Nr4a1*/+ 
mice. At 4 d after T cell transfer, few pioneering DsRed* 2D2 T cells 
were infiltrating the nervous tissue of the thoracic spinal cord segment 
in both Nr4a1*/* mice and Nr4a1~/~ mice (Fig. 2f and Supplementary 
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Fig. 4a). In contrast, at day 7, we found substantial infiltration of DsRedt 
2D2 T cells into Nr4a1~/~ spinal cords, whereas in Nr4a1 +/+ mice, the 
infiltration of 2D2 cells remained confined to an area near the poste- 
rior spinal vein (Fig. 2f, Supplementary Fig. 4b and Supplementary 
Movies 1 and 2). Vascular permeability in brain was similar in wild-type 
mice and Nr4al~'~ mice (Supplementary Fig. 4c), which indicated that 
the increase in the infiltration of T cells in the Nr4a1-/~ mice was not 
caused by impaired function of the blood-brain barrier. 

Microglial activation is associated with morphological changes of the 
cell body and loss of dendritic ‘ramified’ projections seen in the homeo- 
static state>!. Consistent with that, at day 7 after T cell transfer, ramified 
microglia were much less abundant and rounded microglia were more 
abundant in Nr4a1-/- mice than in Nr4a1*/+ mice in the spinal cord 
(Fig. 2fand Supplementary Fig. 5a) and brain (Supplementary Fig. 6). 
Flow cytometry analyzing CD44 and major histocompatibility complex 
(MHC) class II, markers of activated microglia, further confirmed 
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Figure 3 Essential role for NE-producing macrophages in EAE. (a,b) Disease progression in wild-type or Nr4a1~/- host mice (n = 5 per group) given 
transfer of 1 x 106 2D2 cells and left untreated (UT) or treated daily with the 1 blocker prazosin (a1 inh) (20 mg per kg body weight) (a) or the 
noradrenergic toxin 6-OHDA (100 mg per kg body weight) (b). P< 0.01, wild-type (a); P< 0.05, Nr4a1~/- (a); and P< 0.01, wild-type and Nr4a1-/- (b) 
(two-way ANOVA). (c) Isolation and identification of CNS-infiltrating TH+ cells after transfer of 0.5 x 10© 2D2 cells into wild-type host mice (gating 

as in Fig. 1b): left half, flow cytometry analyzing TH in all leukocytes (key) from mice with an EAE score of 4 (left) or macrophages from mice with an 
EAE score of O, 1 or 4 (key) (middle); far right, quantification of results at left. (d) Disease progression in wild-type host mice (n = 6 per group) given 
transplantation of wild-type or DDfs bone marrow (key) and transfer of 1 x 10® 2D2 cells. P< 0.01 (two-way-ANOVA). (e) Disease progression in Thfl/l or 
ThAYSM host mice (n = 8 per group) after transfer of 0.5 x 10© 2D2 cells. P< 0.005 (two-way-ANOVA). (f) //6 mRNA expression in BMMs left untreated 
(UT) or treated with 1 uM NE in the presence or absence of NE receptor blockers (a1-blocker prazosin or 8 1-blocker atenolol; 1 uM each), and in IFN- 
y-treated BMM in the presence or absence of the TH inhibitor AMPT (100 uM); results are presented relative to those of untreated BMMs. Letters above 
bars indicate differences with a P value of at least <O.001 (one-way ANOVA of multiple comparisons). (g) Expression of //6, Cxc/1 and Cc/5 mRNA in 
IFN-y-treated BMMs from wild-type or DDfs mice (presented as in f). *P< 0.05, **P< 0.01 and ***P< 0.001 (unpaired Student’s ttest). Data are 
representative of two experiments per treatment (a,b) or three independent experiments (c,d) or are pooled from two independent experiments (e; error 
bars (a—-e), S.e.m.) or are from one experiment representative of three independent experiments (f,g; error bars, s.e.m. of biological triplicates). 


early microglia activation in Nr4a1~/~ mice (Supplementary Fig. 5b,c). 
Notably, we also found that at day 7, Nr4a1-'~ mice had higher blood 
concentrations of NE, IL-6 and the IL-6-associated chemokine CXCL1 
than did wild-type mice (Fig. 2g). Together these data showed that 
Nr4al~'~ mice developed early and exacerbated EAE, which involved 
greater induction of NE and IL-6 in blood, accelerated recruitment of 
autoreactive T cells to the CNS, and early activation of microglia. 
Given the higher concentration of NE in Nr4a1~'~ mice upon the 
induction of EAE, we hypothesized that Nr4a1~/~ mice had higher expres- 
sion of TH in their spinal cord than did wild-type mice early in EAE 
development. To exclude the possibility of changes resulting from the 
more-advanced disease stage in Nr4al~/~ mice, we compared wild-type 
mice and Nr4a1~/~ mice with the same disease score. As we expected, in 
the early stages of EAE and even before disease induction, Nr4a1 -/- mice 
showed a greater abundance of mRNA encoding TH, IL-6 and the IL-6- 
induced chemokines CCL5 and CXCL1 (Fig. 2h). This finding was con- 
sistent with a published report showing higher TH expression in the CNS 
of Nr4a1~- mice*?. Our data therefore suggested that Nr4al regulated the 
production of NE and IL-6 and thereby limited susceptibility to EAE. 


Essential role for NE-producing myeloid cells in EAE 

To investigate whether excessive production of NE contributed to the 
EAE severity of Nr4al-/~ mice, we applied adrenergic inhibitors that 
block autocrine and paracrine NE signaling. Blockade of «1 adrenergic 
receptors significantly reduced EAE progression in Nr4al~/~ mice 
(Fig. 3a), but blockade of B1 or B2 adrenergic receptors did not 
(Supplementary Fig. 7a,b). Depleting mice of catecholamines through 
use of the noradrenergic neurotoxin 6-OHDA (6-hydroxydopamine) 
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also inhibited the progression of EAE in both wild-type mice 
and Nr4al1-'~ mice (Fig. 3b); this highlighted the critical role of 
catecholamines in the development of EAE. 

To identify the cellular source of NE in EAE, we isolated cells from 
the CNS of mice with EAE and used flow cytometry to analyze their 
expression of TH. Notably, we found that TH expression increased 
with disease progression in macrophages and, to a lesser extent, in 
monocytes and microglia, but not in granulocytes (Fig. 3c). As macro- 
phages represented a principal component of the CNS infiltrate, these 
results indicated that TH* macrophages recruited to the CNS might 
be a major driving force behind the development of EAE. 

To test that possibility, we used DDfs (‘dopamine-deficient floxed 
stop’) mice, which have a non-functional gene encoding TH*? and in 
which TH expression was much lower than that of mice with a wild- 
type gene encoding TH (Supplementary Fig. 7c). Wild-type mice 
given transplantation of DDfs bone marrow were protected from EAE 
development (Fig. 3d). To further substantiate the role of myeloid 
TH in driving EAE, we used mice with selective deletion of the gene 
encoding TH in LysM* myeloid cells. These mice had lower TH expres- 
sion in CNS-infiltrating myeloid cells, but not in microglia or other 
leukocytes, than that of wild-type mice (Supplementary Fig. 7d), and 
also showed lower concentrations of NE in blood (Supplementary 
Fig. 7e). These mice with myeloid-specific deletion of Th were 
protected from the progression of EAE disease (Fig. 3e). The findings 
that TH expression in granulocytes did not change with disease pro- 
gression and that LysM-Cre-driven deletion of Th, as well as transfer 
of DDfs bone marrow, reduced EAE severity while allowing retention 
of microglial TH expression, further suggested that TH-expressing 
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Figure 4 Nr4al directly suppresses TH expression in macrophages. (a) Th mRNA expression in untreated and IFN-y-treated wild-type or Nr4a1-/- 
BMMs; results are presented relative to those of untreated wild-type BMMs. (b) Immunoblot analysis of TH and GAPDH (loading control) in BMMs 

as in a. (c) Th mRNA expression in control RAW macrophages (Ctrl) (pooled results, far left) and in RAW macrophages with overexpression (OE) of 
Nr4al or after knockdown (KD) of Nr4al or CoREST (horizontal axis); results are presented relative to the average of the corresponding control (empty 
vector (overexpression) or contro! small interfering RNA (knockdown)). (d) Immunoblot analysis of the interaction of Nr4al and CoREST in RAW cells 


at 24 or 48 h after transfection of vector encoding Nr4al, assessed by immu 


noprecipitation (IP) with antibody to Nr4al and probed with antibody to 


CoREST. IgG HC, immunoglobulin G heavy chain. Input, immunoblot analysis without immunoprecipitation. (e) Chromatin immunoprecipitation analysis 
of control RAW cells (as in c) and RAW cells after knockdown of Nr4al or CoREST (key), immunoprecipitated with antibody to CoREST (left) or to 
acetylated histone H3 (AcH3) (right), followed by quantitative PCR analysis of the immunoprecipitated DNA with the primers for regions 400 base pairs (bp) 
or 65 base pairs upstream of the transcription start site; results are presented relative to those obtained for a control region (Pr/2b1 promoter). Top, 

Th promoter, with two proximal Nr4a-binding sites (NBS) and primer sites. *P < 0.05 and **P< 0.01 (unpaired Student’s ttest). Data are from 

one experiment representative of two independent experiments (a,b,d; error bars (a), s.e.m. of biological triplicates) or are representative of three 
independent experiments (c; error bars, s.e.m. of biological triplicates) or are pooled from three independent experiments (e; error bars, s.e.m.). 


infiltrating monocytes and monocyte-derived macrophages were the 
cells important for EAE development. 

Mechanistically, we hypothesized that NE secreted from macro- 
phages during EAE might activate them in an autocrine manner and 
thereby amplify the neuro-inflammatory cascade, which would lead to 
the recruitment of T cells to the CNS. To test this hypothesis, we used 
bone marrow-derived macrophages (BMMs) as a model of monocyte- 
derived macrophages, since these cells have been shown to both produce 
NE* and express adrenergic receptors**. BMMs treated with NE upreg- 
ulated 16, and this upregulation was abolished by the o1-adrenergic 
blocker and, to a lesser extent, by the B1-adrenergic blocker (Fig. 3f); 
this suggested that the macrophages were able to sense NE and pro- 
duce IL-6 in response. I/6 expression was also reduced by the TH 
inhibitor AMPT (o-methyl-p-tyrosine) in BMMs treated with inter- 
feron-y (IFN-Y) (Fig. 3f). Upon stimulation with IFN-y, BMMs from 
DDfs mice showed much lower expression of [16 and genes encoding 
IL-6-driven chemokines than did wild-type BMMs (Fig. 3g), which 
further confirmed the hypothesis of a role for autocrine catecholamine 
production in macrophage neuroinflammatory signaling. Collectively, 
these results suggested that in early stages of EAE, monocytes and 
macrophages had increased TH activity and secreted NE, which 
resulted in the production of IL-6 and IL-6-associated chemokines 
and thus drove the recruitment of leukocytes to the CNS. 


Negative regulation of TH by Nr4al in macrophages 

Given the essential role of macrophage TH in EAE and our observation 
that the susceptibility of Nr4a1-/- mice to EAE was accompanied by 
higher TH expression, we sought to determine whether Nr4al had a 
relevant role in the regulation of TH in macrophages. Similar to the high 
Nr4al expression in vivo in macrophages during neuroinflammation, 
the expression of both Nr4al mRNA and Nr4al-GFP was higher in 
BMMs stimulated with either IFN-y or NE than in unstimulated BMMs 
(Supplementary Fig. 8a—c); this suggested a role for Nr4al as a sensor 
of both sympathetic stress and inflammatory stress in macrophages. 
We therefore sought to determine if Nr4al might directly regulate the 
expression of TH in macrophages as a feedback regulation mechanism. 
BMMs from Nr4a1~~ mice showed much higher expression of Tia mRNA 
(Fig. 4a) and TH protein (Fig. 4b) at baseline and after treatment with 
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IFN-y than did wild-type BMMs. Nr4a1~'~ macrophages also secreted 
significantly more NE than did wild-type BMMs (Supplementary 
Fig. 8d), and this effect was inhibited by the TH inhibitor AMPT and by 
6-OHDA (Supplementary Fig. 8d). Therefore, a lack of Nr4al increased 
TH expression and NE production in macrophages. 

To elucidate the molecular mechanism for the regulation of TH by 
Nr4al, we used the mouse macrophage cell line RAW264.7 (RAW), 
as these cells have been shown to both produce NE and sense NE**. 
Overexpression of Nr4al in RAW cells downregulated the expres- 
sion of Th mRNA and, conversely, knockdown of Nr4al upregulated 
the expression of Th mRNA (Fig. 4c). Moreover, loss of Nr4al led to 
increased activity of a 4.5-kilobase fragment of the mouse Th promoter 
in both BMMs and RAW cells, as assessed by a promoter-reporter 
assay (Supplementary Fig. 8e). This suggested that Nr4al repressed 
the transcription of Th. Collectively, these data identified Nr4al as an 
important negative regulator of TH expression in macrophages. 

Another member of the Nr4a family, Nr4a2, has been shown to 
bind to the Th promoter in developing neurons*”7° and to downregu- 
late Th expression by recruiting the co-repressor COREST??. CoREST 
is known to suppress the transcription of neuron-specific genes in a 
complex with histone deacetylase*°*!, Nr4al has also been shown 
to suppress transcription by recruiting the CoREST complex*4. 
Because Nr4al and Nr4a2 share the same minimal DNA-binding 
sequence’, we hypothesized that Nr4al might also downregulate Th 
transcription by recruiting the CoREST complex. 

Knockdown of CoREST with small interfering RNA significantly 
increased Th mRNA expression in RAW cells (Fig. 4c). Furthermore, 
we were able to detect direct interaction between Nr4al and CoREST 
in RAW cells by co-immunoprecipitation (Fig. 4d) and also detected 
Nr4al-dependent binding of CoREST to the reported Nr4a-binding sites 
in the Th promoter?’ through the use of chromatin immunoprecipitation 
(Fig. 4e). Chromatin immunoprecipitation analysis also showed 
increased abundance of acetylated histone H3 at the Th promoter 
after knockdown of Nr4a1 and, to a greater extent, after knockdown of 
CoREST (Fig. 4e), which confirmed our hypothesis that CoREST regu- 
lates Th transcription by recruiting histone deacetylase. Together these 
results suggested that Nr4al directly suppressed the transcription of Thin 
macrophages by recruiting the CoREST complex to the Th promoter. 
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Figure 5 Increased abundance of TH protein in monocytes of patients with 
MS. (a) Gating strategy for flow cytometry of peripheral blood mononuclear 
cells from human donors. Monocytes were identified as lineage marker— 
negative (CD3-CD19-CD66b-) (left), HLA-DR+ and CD86+* (outlined area, 
middle), and CD14+ (outlined area, right). (b) TH expression in monocytes 
(as in a) and lineage marker—positive cells (Lin*) in a patient with relapsing- 
remitting MS. Isotype, isotype-matched control antibody. (c) TH expression 
in CD14* monocytes isolated from healthy control donors (Healthy) and 
patients with relapsing-remitting MS (RRMS), analyzed by flow cytometry. 
Each symbol represents an individual donor; small horizontal lines 
indicate the mean. *P< 0.05 (unpaired Student’s ttest). Data are from 
one experiment with one subject (a,b) and or are from two independent 
experiments with results pooled from five subjects per group (c). 


Higher expression of TH in monocytes of patients with MS 
Published studies have shown that CNS-infiltrating monocytes and 
monocyte-derived macrophages are crucial for the pathogenesis of 
EAE?38-30, Our data indicated that monocytes and macrophages 
isolated from CNS during EAE had high expression of TH and that 
myeloid TH expression was important for the development of EAE. 
TH expression in human and mouse monocyte-derived macrophages 
has been reported*44#*, but its importance in neuroinflammation was 
not studied. To address the relevance of TH-expressing monocytes and 
macrophages to human MS, we analyzed peripheral blood mononuclear 
cells obtained from patients with MS and age- and sex- matched healthy 
donors (Fig. 5a). We were able to detect TH in both monocytes and lym- 
phocytes in all samples; however, TH expression was higher in monocytes 
than in all other circulating cells (Fig. 5b). In support of our mouse data, 
patients with MS exhibited higher TH expression in CD14* monocytes 
than did healthy control subjects (Fig. 5c). As classical monocytes dif- 
ferentiate into macrophages once they infiltrate the CNS during the onset 
of EAE?38:30, these data suggested that TH-expressing monocytes and 
monocyte-derived macrophages might also have a role in human MS. 


DISCUSSION 

The main objective of this study was to identify functional and regula- 
tory mechanisms that link stress signaling and neuroinflammation. 
Adrenergic signaling has long been associated with EAE; however, a 
role for NE-producing macrophages has not been suggested. A series 
of publications has shown that prazosin, an o.-adrenergic blocker, has 
a protective effect in both active EAE models and passive EAE models 
in Lewis rats+>46-47, in agreement with our work. Those authors sug- 
gested that prazosin might exert its effect by stabilizing the blood-brain 
barrier; however, since vascular leakage correlated with the EAE score 
in both control (untreated) rats and treated rats*®4’, the decreased 
leakage through the blood-brain barrier might have been secondary 
to the overall disease suppression by prazosin. We found no gross 
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changes in vascular permeability in Nr4a1 ~~ mice; thus, the protec- 
tive role of Nr4al in EAE could not be attributed to such changes. 
Nevertheless, effects of adrenergic signaling on vascular endothe- 
lial cells might indeed serve a role in EAE, such as by inducing IL-6 
production and facilitating the recruitment of leukocytes to CNS?. 
Moreover, our findings indicated that monocytes and macrophages 
might be a major source of NE for triggering this endothelial activation 
cascade, in addition to the autocrine signaling we have described. 

The main myeloid populations isolated from CNS during EAE 
included infiltrating monocytes, monocyte-derived macrophages, 
microglia and granulocytes. Published studies have shown that 
recruited monocyte-derived macrophages are critical for the develop- 
ment of EAE?378-30, Macrophages have been shown to express TH and 
produce catecholamines in mice and humans*4764445.48, In line with 
those reports, we found a disease-promoting role for TH in recruited 
macrophages and identified a previously unknown mechanism of 
neuroprotection by Nr4al-mediated repression of TH. We observed 
high expression of Nr4al and TH in both infiltrating monocytes and 
monocyte-derived macrophages and, to a lesser extent, in microglia. 
There was relatively low expression of both Nr4al and TH in granulo- 
cytes, which diminished the possibility of Nr4al-mediated regulation 
of TH activity in granulocytes. The modulation of EAE in mice with 
deletion of Nr4al and TH driven by Cre expressed via the LysM-Cre 
transgene, which drives deletion in macrophages and monocytes but 
not in microglia, indicated that microglia did not have a major role 
in the Nr4al-mediated neuroprotective mechanism described here. 
Notably, circulating CD14* monocytes isolated from patients with 
MS had increased TH expression, which further suggested a disease- 
promoting role for TH in monocytes and monocyte-derived macro- 
phages. Nevertheless, we cannot exclude the possibility that the lack 
of patrolling monocytes in Nr4a1-/~ mice!5 might have contribute to 
their susceptibility to EAE; although this cell type constitutes a rela- 
tively small part of the myeloid infiltrate in the CNS, these cells might 
serve a protective role by maintaining vasculature homeostasis. 

Both proinflammatory roles and anti-inflammatory roles for Nr4al 
have been described in various functional settings, including its 
modulation of the transcription factor NF-KB pathway*?>°. Another 
member of the Nr4a family, Nr4a2, expressed in microglia and astro- 
cytes, has been shown to mediate neuroprotection by recruiting the 
transrepressor CoREST to the promoters of genes that are targets of 
NF-«B°!. However, our data demonstrated an alternative neuropro- 
tective function for Nr4al in EAE that entailed suppression of NE 
production in macrophages through recruitment of the CoREST- 
histone deacetylase complex to the Th promoter. Notably, reduced 
expression of Nr4al has been found in peripheral blood mononuclear 
cells of patients with MS before disease onset°?3, which supports the 
proposal of a protective role for Nr4al in MS. Future studies should 
further assess the role of Nr4al-mediated regulation of TH in human 
monocyte subsets and monocyte-derived macrophages in MS. 

Published studies have described the necessity of neurological- 
immunological communication in controlling inflammation>, yet 
the molecular mechanisms that regulate this are still unclear. Our work 
has suggested a pivotal role for TH-producing myeloid cells and for 
neurological-immunological regulators such as Nr4al in controlling 
CNS inflammation. Our works also opens new avenues for potential 
MS therapies via manipulation of the amount or activity of Nr4al to 
regulate myeloid adrenergic responses. 


METHODS 
Methods and any associated references are available in the online 
version of the paper. 
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Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper. 
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ONLINE METHODS 

Mice. C57BL/6J wild-type mice (000664; JAX), Nr4a1~/~ mice2? (006187; 
JAX) (backcrossed for 15 generations) and 2D2 mice (006912; Jax)!® 
on a congenic C57BL/6] background were obtained from The Jackson 
Laboratory. Nr4a1‘/l mice were provided by D. Metzger and H. Ichinose®°. 
The Nr4al-GFP reporter mice have been described!* and are available from 
The Jackson Laboratory (016617). DDfs mice (provided by M.D.) have a non- 
functional gene encoding TH because of insertion of a neomycin-resistance 
cassette in the first intron of the gene encoding TH**. They were maintained 
by provision of L-dopamine to the dam until their weaning, then bone marrow 
was prepared. ThlysM mice were generated by crossing of LysM-Cre* mice 
with Th mice®®, Mice were fed a standard rodent chow diet and were housed 
in microisolator cages in a pathogen-free facility. Mice were euthanized by 
CO) inhalation. All experiments followed guidelines of the La Jolla Institute 
for Allergy and Immunology Animal Care and Use Committee, and approval 
for use of rodents was obtained from the La Jolla Institute for Allergy and 
Immunology according to criteria outlined in the Guide for the Care and Use 
of Laboratory Animals from the National Institutes of Health. 


EAE induction. EAE was induced as described>”. CD4*T cells isolated from 
2D2 mice!8 were differentiated under Ty1 conditions, with plate-bound anti- 
body to (anti-) CD3 (17A2; eBioscience) and anti-CD28 (37.51; eBioscience) in 
the presence of IL-12 (20 U/ml). On day 5 after initial activation, the cells were 
harvested and then were restimulated overnight with plate-bound anti-CD3 
and anti-CD28 (identified above) in the presence of IL-2 (20 U/ml) and IL-18 
(25 ng/ml). Subsequently, the cells were harvested and washed with PBS, and 
0.5 x 10° to 2 x 10° cells were transferred intraperitoneally into lightly irradiated 
(400 rads) 8- to 12-week-old recipient C57BL/6 mice. For most of the experi- 
ments, 1 x 10° cells were injected; however, in some experiments, we used 
0.5 x 10° cells due to technical reasons. For injection of dsRed-2D2 cells, 
2 x 10° cells were used for better visualization of T cells. 


Assignment of clinical disease scores. Mice were monitored daily for the 
development of EAE according to the following criteria: 0, no disease; 1, limp 
tail; 2, hind limb weakness or partial paralysis; 3, complete hind limb paralysis; 
4, front and hind limb paralysis; 5, moribund state. In addition, the body weight 
of the mice was measured during each clinical assessment>”. Researchers 
performing the clinical scoring were blinded to mouse identity. 


Blood analysis. The cytokines IL-6 and CXCL1 were measured in the 
serum with a multiplex inflammatory cytokine/chemokine kit (Meso Scale 
Discovery). Norepinephrine (NE) was measured with an ELISA kit (Rocky 
Mountain Diagnostics). 


Isolation of CNS-infiltrating cells. Recipient mice were euthanized 15 d 
after transfer of 2D2 cells. The brain and spinal cord were removed and were 
digested for 60 min with Liberase TL (Roche). Released cells were passed 
through a 70-um nylon mesh and were subjected to density-gradient cen- 
trifugation on a 30-70% Percoll gradient. Mononuclear cells at the interface 
were harvested and washed extensively, and were re-stimulated for 6 h with 
PMA (phorbol 12-myristate 13-acetate) (10 nM) and ionomycin (1 1M) for 
assessment of cytokine production as described*’. 


Bone marrow macrophage culture. For the generation of bone marrow- 
derived macrophages (BMM), bone marrow cells were plated in 10-cm bac- 
teriological plastic plates with 10% FCS in RPMI-1640 medium supplemented 
with 50 ng/ml of recombinant mouse macrophage colony-stimulating fac- 
tor. On day 7, adherent cells were collected and were replated at a density of 
1 x 10° cells per ml in six-well tissue culture plates. 


RAW cell culture. RAW264.7 cells were obtained from American Type Culture 
Collection and absence of mycoplasma was confirmed. Cells were cultured 
at 37 °C under 5% CO, in DMEM supplemented with 10% FBS, penicillin 
(100 U/ ml) and streptomycin (100 mg/ml). For overexpression, cells were 
transfected with Nr4al cDNA expression vector (Origen) through the use 
of a Fugene kit (Promega). For knockdown, 0.5 1g of small interfering RNA 
specific for Nr4al (Life Technologies) or CoREST (OriGene) was delivered 
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by a Fugene kit (Promega); as a negative control, 0.5 ug of OriGene small 
interfering RNA with a scrambled sequence was used. 


Chromatin immunoprecipitation. Chromatin immunoprecipitation was 
performed as described*®, with some changes. Cells were fixed for 10 min 
with 1% formaldehyde, then were lysed and sonicated in sonication buffer 
(0.1% SDS, 10 mM Tris-HCl, pH 8, and 1 mM EDTA supplemented with 
protease inhibitors and 5 mM sodium butyrate) for the production of 
fragments ~500 base pairs in length through the use of a Covaris system. 
Immunoprecipitation was performed overnight in sonication buffer supple- 
mented with 1% Triton-20 and 150 mM NaCl, with 5 ug of anti-CoREST 
(07-455; Millipore) or antibody to acetylated histone H3 (ab4441; Abcam). The 
DNA recovered was analyzed by quantitative PCR with primers correspond- 
ing to two proximal sites previously confirmed to bind Nr4a2 in the rodent 
Th promoter>’: NBS1 (forward, 5’-AGAGGATGCGCAGGAGGTAGGAG-3’, 
and reverse, 5’-GITCCCGAGTTCTGTCTCCAC-3’); and NBS2 (forward, 
5’-GGGGACTTGAAGACATCCAA-3’, and reverse, 5’-CCCAAGGGTTCAT 
GTTAGGA-3’). 


Isolation and analysis of human peripheral blood mononuclear cells. After 
subjects provided informed consent, blood was obtained from both healthy 
volunteers and patients at McGill University with recent onset of relapsing- 
remitting MS who had no exposure to systemic treatments in the previous 
3 months. Peripheral blood mononuclear cells were isolated by Ficoll separation 
from the venous blood of healthy donors and patients with recent onset of 
relapsing-remitting MS and with no exposure to systemic treatments in the 
previous 3 months, then the cells were cryo-preserved and analyzed by flow 
cytometry. Lineage markers were CD3 (UCHT1; BioLegend), CD19 (HIB; 
BioLegend) and CD66b (G10F5; BioLegend). 


Intravital microscopy. Nr4al*/+ CX3CR1-GFP*”" or Nr4al7/"CX3CR1-GFP*” 
mice given transfer of 2D2-DsRed T cells were anesthetized by intraperitoneal 
injection ofa mixture of ketamine (100-150 mg per kg body weight) and xylazine 
(15 mg per kg body weight) and were placed on a heating pad. The spinal cord at 
thoracic vertebrae Th10-Th11 was surgically exposed as described*?° and was 
immobilized on a custom-made stabilizing ring with a sealed glass coverslip 12 
mm wide and 0.17 mm thick®!. For visualization of neutrophils and blood vol- 
ume, 10 Ug of allophycocyanin (APC)-labeled anti-Ly6G (HK1.4; BioLegend) 
was injected intravenously through retro-orbital plexus. The imaging was 
performed on an upright resonant scanning Leica SP5 confocal microscope 
(Leica Microsystems) through a 25x water immersion objective (numerical 
aperture, 0.95; Leica Microsystems) mounted on a piezoelectric nosepiece 
z-drive (Piezosystem Jena). GFP, DsRed and APC were imaged simultaneously 
with 488-nm, 543-nm and 633-nm laser lines and stacks of 20-30 images with 
a voxel size of 0.714 um x 0.714 [um x 2.5 um were acquired. Image noise was 
reduced by line averaging during acquisition and median filtering (radius 
1-2) after acquisition. All image processing was performed with Fiji (ImageJ) 
software and SlideBook software (3i), and the images presented were proc- 
essed by identical procedures. Spectral spillover of DsRed to the APC channel 
was removed by subtraction of the DsRed channel from the APC channel. In 
addition, spillover of GFP to the DsRed channel and background were further 
reduced by thresholding, followed by contrast stretching. 

Line-scan analysis of the infiltration of 2D2 T cells was performed on 
maximum-intensity projection images of spine parenchyma adjacent to the 
posterior spinal vein (sampled as stripes of 200 um x 550 Um). The fluores- 
cence intensity of DsRed in lines perpendicular to the vein was added, then 
were normalized to that of the wild-type sample at day 7 and is presented as 
a line profile (second-order smoothing with 50 neighbors; GraphPad Prism 
software). The ‘dendricity index (perimeter? / area x 4m)®? of GFP* cells in the 
spinal parenchyma was determined in maximum-intensity projection images 
after thresholding of the GFP signal and mask creation. Perimeter and area 
mask statistics were extracted for the index calculation. 


Flow cytometry. CNS-infiltrating cells were collected as described above. 
All samples were washed in Dulbecco’s PBS (Gibco) with 2 mM EDTA and 
were stored on ice during staining and analysis. Cells (2 x 10° to 4 x 10°) 
were resuspended in 100 ul flow staining buffer (1% BSA (wt/vol) plus 0.1% 
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(wt/vol) sodium azide in Dulbecco's PBS). Fcy receptors were blocked for 
15 min and surface antigens on cells were stained for 30 min at 4 °C with 
the following antibodies: anti-CD3e (145-2C11; BD Pharmingen), anti-Ly6G 
(1A8; BioLegend ), anti-Ly6C (HK1.4; BioLegend ), anti-CD11b (M1/70; BD 
Pharmingen), antibody to MHC class II (M5/114.15.2; eBioscience), anti-CD45 
(30-F11; BioLegend ), anti-MerTK (BAF591; R&D Systems), used with strepta- 
vidin-phycoerythrin (PE)-indotricarbocyanine (Cy7) (405206, BioLegend); 
and anti-CD64 (X54-517.1; BD biosciences). LIVE/DEAD Fixable Dead Cell 
Stain (Life Technologies) was used for analysis of viability, and forward- and 
side-scatter parameters were used for exclusion of doublets from analysis. 

For intracellular staining of TH, cells were fixed and made permeable 
with the Cytofix/Cytoperm Fixation/Permeabilization Solution Kit (BD 
Biosciences). Cells were stained for 30 min at room temperature with primary 
anti-TH (LNC1; Millipore) or isotype-matched control antibody (sc-3888; 
Santa-Cruz). Cells were stained for 30 min at 4 °C with secondary conjugated 
fluorescent secondary antibody (R-phycoerythrin F(ab’)2 Fragment of Goat 
Anti-Rabbit IgG (H+L); 31864; Life Technologies). 

Calculations of frequency were based on live cells as determined by 
forward and side scatter and viability analysis. Mean fluorescence intensity 
was quantified, and expression was calculated relative to that of the wild-type 
control. Cellular fluorescence was assessed with an LSR II or FACSAria II 
(all from BD Biosciences) and data were analyzed with FlowJo software 
(version 9.8; TreeStar). 


Blood-brain barrier-permeability analysis. Vascular permeability was 
evaluated by measurement of the extravasation of Evans blue dye (EBD). EBD 
(30 mg per kg body weight, in a volume of 200 11) was injected intravenously 
in mice anesthetized with ketamine and xylazine and was allowed to circu- 
late for 30 min. The mice were then euthanized, their chest was opened, the 
inferior vena cava was transected, and the vasculature was flushed with 20 ml 
saline via the right ventricle for removal of excess intravascular dye. The brain 
and spinal cord were homogenized and were incubated for 24 h at 37 °C in 
100% formamide for extraction of EBD. The concentration of extracted EBD 
was analyzed by spectrophotometry. Correction for the absorbance (optical 
density) of contaminating heme pigments was performed as described® with 
the equation: Ag9 (corrected) = Aga9 — (1.426 x A749 + 0.03), where Ago is 
the absorbance at 620 nm and A749 is te absorbance at 740 nm. Data were 
calculated as ug EBD per gram tissue. 


Quantitative RT-PCR. RNA was isolated with an RNeasy kit (Qiagen), and 
cDNA was prepared with an Omniscript RT kit (Qiagen). Quantitative PCR 
was performed on a Light Cycler (Roche) with RT? primers (Qiagen) and 
SYBR Green dye (Roche). For analysis of genes encoding members of the Nr4a 
family, we used a Taqman assay (Life Technologies). 
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Luciferase promoter-reporter assay. For the generation of a TH luciferase 
reporter, the Th promoter (from position —9 to position —4555 relative to 
the transcription start site) was cloned into the vector pGL4.10(luc2) 
(Promega). For the assay, cells were seeded in 12-well plates; after overnight 
incubation, cells were transfected with 0.5 ug TH luciferase reporter vector 
and 0.2 ug B-galactosidase reporter vector (pCMV; Promega), and with 
other DNA and small interfering RNA (described above), through the use 
of a Fugene kit (Promega) for RAW cells or an Amaxa Nucleofector system 
(Lonza) for BMM. After 24 h, luciferase activity was measured with the 
Dual-Luciferase Reporter Assay System (Promega). 


Co-immunoprecipitation and immunoblot analysis. RAW cells were trans- 
fected to express Nr4al, and samples were collected at 24 h and 48 h after 
transfection. Nr4al was precipitated with anti-Nr4al (M-210; Santa-Cruz) and 
a Dynabeads co-immunoprecipitation kit (Life Technologies), and the samples 
were analyzed by immunoblot with anti-CoREST (K72/8; Millipore). 


Statistical analysis. Data for all experiments were analyzed with Prism soft- 
ware (GraphPad). Unpaired t-tests and two-way analysis of variance were used 
for comparison of experimental groups. P values of less than 0.05 were consid- 
ered significant. The data seemed to be normally distributed, with similar s.d. 
and error observed between and within experimental groups. 
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Proton-gated Ca**+-permeable TRP channels 
damage myelin in conditions mimicking ischaemia 


Nicola B. Hamilton!, Karolina Kolodziejczyk!+, Eleni Kougioumtzidou! & David Attwell! 


The myelin sheaths wrapped around axons by oligodendrocytes 
are crucial for brain function. In ischaemia myelin is damaged in a 
Ca”+-dependent manner, abolishing action potential propagation’. 
This has been attributed to glutamate release activating Ca?*- 
permeable N-methyl-p-aspartate (NMDA) receptors‘. Surprisingly, 
we now show that NMDA does not raise the intracellular Ca”* 
concentration ([Ca*];) in mature oligodendrocytes and that, 
although ischaemia evokes a glutamate-triggered membrane 
current’, this is generated by a rise of extracellular [K*] and 
decrease of membrane Kt conductance. Nevertheless, ischaemia 
raises oligodendrocyte [Ca”*];, [Mg”*], and [H*],, and buffering 
intracellular pH reduces the [Ca**]; and [Mg”*]; increases, showing 
that these are evoked by the rise of [H*];. The H*-gated [Ca**]; 
elevation is mediated by channels with characteristics of TRPA1, 
being inhibited by ruthenium red, isopentenyl pyrophosphate, 
HC-030031, A967079 or TRPA1 knockout. TRPA1 block reduces myelin 
damage in ischaemia. These data suggest that TRPA 1-containing ion 
channels could be a therapeutic target in white matter ischaemia. 

Ischaemia blocks action potential propagation through myelinated 
axons’. Electron microscopy’ and imaging of dye-filled oligodendrocytes? 
show ischaemia-evoked Ca”*-dependent damage to the capacitance- 
reducing myelin sheaths, which causes loss of action potential prop- 
agation. Glutamate receptor block reduces myelin damage and 
action potential loss?~”, and glutamate evokes a membrane current 
in oligodendrocytes mediated by AMPA (a-amino-3-hydroxy-5- 
methyl-4-isoxazolepropionic acid)/kainate and NMDA receptors” *. 
Thus, oligodendrocyte damage is thought to be excitotoxic: as for neu- 
rons in ischaemia, a rise of glutamate concentration® caused by reversal 
of glutamate transporters in oligodendrocytes and axons”"” activates 
receptors that raise” oligodendrocyte [Ca”*];, thus damaging the cells. 

However, although AMPA/kainate and NMDA receptors regulate 
oligodendrocyte precursor development!!"”, these receptors are down- 
regulated as the cells mature'?-'°. How can mature oligodendrocytes be 
damaged excitotoxically, if they express low levels of glutamate recep- 
tors? To investigate how oligodendrocyte [Ca’*]; is raised in ischaemia, 
we characterized ischaemia-evoked membrane current and [Ca?*]; 
changes in cerebellar white matter oligodendrocytes. 

Solution mimicking ischaemia (see Methods) evoked an increas- 
ing inward current in oligodendrocytes (Fig. 1a, b), often with a faster 
phase that was obscured when responses in many cells were averaged 
(Fig. 1c). When applied from before the ischaemia, NBQX and D-AP5 
reduced the ischaemia-evoked current by 66% (Fig. 1c, d), while mGluR 
block had no effect (Extended Data Fig. 1a). Preloading for 30 min with 
the glutamate transport blocker PDC, to prevent ischaemia-evoked 
glutamate release by reversal of transporters in the white? and grey'® matter, 
also reduced the inward current (by 68%, Fig. 1c, d), while blocking 
other candidate release mechanisms had no effect (Extended Data Fig. 1a). 
Thus, glutamate release by reversed uptake helps to trigger the ischaemia- 
evoked current. Notably, however, current flow through glutamate 
receptors generates only a small fraction of the sustained inward 


current evoked by ischaemia, since applying NBQX and D-AP5 from 
200 s after ischaemia had started produced only a non-significant 21% 
suppression of the ischaemia-evoked inward current (Fig. 1d). 

In neurons, an ischaemia-evoked inward current triggered by gluta- 
mate release, but maintained by non-glutamatergic mechanisms, gener- 
ates the ‘extended neuronal depolarization (END) that evokes neuronal 
death'”. However, the ischaemia-evoked current in oligodendrocytes 
was not prevented by removing external Ca”*, nor by gadolinium, 
which both block the END” (Fig. 1d, e), implying a different mecha- 
nism maintains the inward current triggered by glutamate. 

Unlike in neurons, where ischaemia evokes a conductance increase 
mediated by ionotropic glutamate receptors'®, ischaemia decreased the 
conductance of oligodendrocytes (Fig. 1f, g). The suppressed current 
reversed below the K* reversal potential (Ex = —104 mV), at —121 mV 
with 10 mM (Fig. 1f, Extended Data Fig. le) and —118 mV with 0.5 mM 
HEPES (Fig. 1g). This is expected if ischaemia decreases the mem- 
brane K* conductance, while [K*], rises (due to Na*/K* pump inhi- 
bition throughout the slice) which increases the inward current at all 
potentials (see Extended Data Fig. 1b, d; Supplementary Information). 
K*-sensitive electrodes showed that [K*], in the white matter initially rose 
slowly during ischaemia, but then increased more abruptly, in parallel 
with the membrane current (Fig. 1h). The peak rise was 2.35 + 0.13 mM 
(n= 12) in the white matter and 2.48 +0.35 mM (n=4) in the adjacent 
grey matter (where it reflects the anoxic depolarization of neurons’®). 
The conductance decrease described above produced 32%, while the 
[K*], rise produced 68%, of the inward current in oligodendrocytes at 
—74 mV (see Supplementary Information). Thus, changes in K* fluxes 
generate the ischaemia-evoked inward current. 

Could part of the NMDA-evoked inward current in oligodendro- 
cytes* also reflect a [K*], rise? Extracellular Cs* blocked the NMDA- 
evoked current while intracellular MK-801 had no effect (Extended 
Data Fig. 2a—d), suggesting that most of the NMUDA-evoked current 
is generated by [K*], rising, rather than by oligodendrocyte NMDA 
receptors. Applying NMDA or raising [K*],, and correlating the result- 
ing inward current with the [K*], rise occurring (see Supplementary 
Information; Extended Data Fig. 2e, f), we found that at least 49% of 
the NMDA-evoked current was attributable to the [K*], rise that it 
produced. Since mature oligodendrocytes express few NMDA recep- 
tors!?-!>, this presumably reflects NMDA depolarizing neurons or 
astrocytes in the slice and releasing K~. 

These data challenge the idea*~> that, during ischaemia, NUDA 
receptors in mature oligodendrocytes generate a prolonged calcium 
influx which damages the cells. We therefore investigated the ion con- 
centration changes evoked in oligodendrocytes by activation of NMDA 
receptors, using Ca?+-, Nat- and Kt-sensitive dyes loaded into cells 
from the pipette. When 100 1.M NMDA was applied to whole-cell 
clamped cerebellar granule neurons at —74 mV, as expected it evoked an 
inward current, and raised [Ca?*]; and [Na‘]; (Extended Data Fig. 3). 
In contrast, although NMDA evoked an inward current in oligoden- 
drocytes, it generated no [Ca?*]; or [Na*]; elevation; indeed [Na*]; 
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Figure 1 | Ischaemia evokes an inward current in oligodendrocytes 
by altering K* fluxes. a, Whole-cell clamped rat oligodendrocyte. Inset, 
Alexa dye in processes around an axon. b, Ischaemia-evoked membrane 
current in single cell. c, Current in 179 control cells, 12 cells in slices 
exposed to 251M NBQX and 200,1M D-AP5 from before ischaemia, or 
9 cells in slices preloaded’* with 1 mM PDC. d, Current (normalized to 
interleaved control cells) from 8-10 min after start of ischaemia in cells 
preloaded with PDC, exposed to NBQX+AP5 throughout ischaemia or 
from 200s after ischaemia starts, or exposed to NBQX or AP5 alone or to 
zero-Ca’* solution (with 501M EGTA) throughout ischaemia. Mann- 
Whitney P values compare with control cells; cell numbers shown on 
bars. e, Effect of Gd?* (100 |1M) on ischaemia-evoked current at 8-10 min 
(Mann-Whitney P = 0.83). f, I-V relation of 10 cells before and after 
5 min ischaemia (10 mM HEPES internal). g, Ischaemia-evoked current in 
10 cells with 0.5 mM and 9 cells with 50 mM internal HEPES. Ischaemia 
decreased cell conductance by 2.1 + 0.7 nS near —70 mV in 11 cells using 
10 mM, and by 2.3 + 0.6 nS in 10 cells using 0.5 mM, internal HEPES; 
50 mM HEPES abolished the decrease (Fig. 3i). h, Change of [K*], in grey 
matter (GM, granule cell layer), and in white matter (WM, different slice) 
with simultaneously recorded oligodendrocyte current. Error bars, s.e.m. 


decreased after applying NMDA (Fig. 2a). NMDA raised [K*]; how- 
ever. Similar concentration changes were seen at the soma (Fig. 2a) and 
in the internodal processes where NMDA receptors may be located”~* 
(Fig. 2b). Like NMDA, raising [K*], lowered [Na‘]; (Fig. 2a, b). A 
likely explanation is that NMDA raises [K*], (Fig. 2c), which decreases 
[Nat]; by activating the Nat/K* pump. 

The absence of a rise of [Ca”*]; and [Na‘]; is surprising if oligoden- 
drocytes express NMDA receptors?~*. Conceivably, NMDA receptors 
might pass ions into a compartment in their myelinating processes 
which only certain Ca**-sensing dyes such as X-Rhod-1 can access”. 
However, whether X-Rhod-1 was loaded as an acetoxymethy] ester? 
or from the pipette, we observed no NMDA-evoked change of [Ca?*]; 
in the myelinating processes (Fig. 2d). Nevertheless, we could detect 
spontaneous [Ca”*]; rises propagating through myelinating processes 
in 55% of oligodendrocytes (Fig. 2e). 

To confirm that ischaemia raises” oligodendrocyte [Ca”*];, we loaded 
the Ca**-sensing dye Fluo-4 (with Alexa Fluor 594, for ratiometric 
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Figure 2 | NMDA does not elevate [Ca”*]; in oligodendrocytes. 

a, b, Rat oligodendrocyte membrane current (lower traces, a) and 
background-subtracted fluorescent dye ratio (R, see Methods, concentration 
increases are upwards for all dyes) when measuring [Ca”*]; with Fura-2, 
[Na*]; with SBFI, and [K*]; with PBFI; 100j1.M NMDA was applied, or 
[K*], was raised from 2.5 to 5mM, with fluorescence measured in soma 

(a) or myelinating processes (b). Right panels, peak fluorescence change 
normalized to evoked current (number of cells on bars) c, NUDA-evoked 
current and simultaneously recorded [K*],. d, Measuring [Ca”*]; with 
X-Rhod-1, loaded from pipette (n = 6) or as an acetoxymethyl ester? (n = 15), 
reveals no NMDA-evoked [Ca?*]; rise. e, Spontaneous [Ca?*]; transients in 
four myelinating processes confirm Fura-2 is working. Error bars, s.e.m. 


imaging) into oligodendrocytes from a whole-cell pipette (in euntent 
clamp mode, allowing voltage changes, in case voltage-gated Ca”* 
channels raise [Ca7*],). Ischaemia increased [Ca?*]; in the soma and 
processes over ~10 min. This was abolished if extracellular calcium was 
removed (Fig. 3a, b), and reduced by removing external K~ (Fig. 3c), 
suggesting that the ischaemia-evoked [K*], rise promotes calcium 
entry from the extracellular solution. However, contradicting the 
earlier report?, blocking NMDA receptors with MK-801, D-AP5 and 
7-chloro-kynurenate, or blocking NMDA and AMPA/kainate recep- 
tors with NBQX and D-AP5 while blocking voltage-gated Na* and 
Ca’* channels and GABAg receptors, did not prevent the [Ca**]; rise 
(Fig. 3a, b). Similarly, when PDC-preloading reduced transporter-me- 
diated glutamate release, the [Ca”*] rise was unaffected (Fig. 3c). 

Similar experiments using a Mg”*-sensitive dye revealed that [Mg”*]; 
also rises in ischaemia (Fig. 3d). This was not due to ATP breakdown, 
which releases Mg”, since the [Mg’*]; rise was abolished by remov- 
ing extracellular Mg”* (Fig. 3d) implying that Mg?* enters across the 
cell membrane. Surprisingly, ischaemia did not raise [Na‘]; (Fig. 3e). 
Thus ischaemia activates a membrane conductance that allows entry 
of divalent ions. 

Seeking an agent that decreases membrane K* conductance and 
activates Cat entry, we measured the ischaemia-evoked pH change 
in oligodendrocytes. Ischaemia increased [H*]; on the timescale seen 
for [Ca?*]; (Fig. 3f). A similar (but smaller) [H*]; rise was evoked by 
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Figure 3 | Ischaemia evokes a [Ca”*]; and [Mg”*]; rise gated by internal 
protons. a, Ratiometric Fluo-4/Alexa-Fluor-594 signals ([Ca”*];) and 
membrane potential (V,,,) in rat oligodendrocytes exposed to ischaemia 
(starting at arrow), or ischaemia in zero [Ca”*]., or with drugs at 
concentrations (j1M): AP5 50, MK-801 50, 7-chlorokynurenate (7CK) 

100, NBQX 25, GABAzine (Gz) 20, TTX 1, Cd?* (to block Ca?* channels) 
100. b, Mean data from experiments like a (cell numbers on bars; P values 
compare with soma or process control values). c, Data as in a after PDC- 
preloading or in 0 mM [K* ]patn. d, Ischaemia-evoked [Mg**]; rise monitored 
with Mag-Fluo-4 in normal and Mg?'-free solution. e, Ischaemia-evoked 
[Nat]; change monitored with SBFI (6 cells). f, Ischaemia-evoked [H*]; rise 
monitored with BCECF with 0.5 mM and 50 mM internal HEPES (P from 
Mann-Whitney test). g, [K*], and oligodendrocyte membrane potential 
(Vm) with 2.5 or 0mM [K*]path, before (Resting) and during ischaemia 
(Isch peak), and change produced by ischaemia (AlIsch). h, Effect of 
removing K* from bath solution on [H*]; in control conditions (relative 

to value at start of K* removal), and [H*]; increase evoked by ischaemia 
(normalized to value at start of ischaemia) with 2.5 or 0OmM bath K*. 

i, High [HEPES]; blocks ischaemia-evoked decrease of membrane 
conductance. j, k, Ischaemia-evoked rise of [Ca”*]; (j) and [Mg**]; (k) are 
inhibited with 50 mM internal HEPES. |, m, Uncaging H* with light (bars) 
raises [Ca?*]; (1, an effect reduced by 200 j.M IPP or 8011M HC-030031) and 
[Mg?*]; (m), but not when caged H* is omitted from the pipette. P values in 
1 from Mann-Whitney tests. Error bars, s.e.m. 


elevated [K*], or NMDA (Extended Data Fig. 4a), suggesting that the 
ischaemia-evoked [K*], rise partly generates this pH change. To inves- 
tigate this, we removed external K*, which reduced the [K*], in the 
slice from 2.46 £0.02 mM (n= 13) to 0.99+0.30 mM (n=4) (Mann- 
Whitney P= 0.001, Fig. 3g), and hyperpolarized the resting potential 
by 7 mV (—84.0+ 4.7 to —77.2+4.3 mV, n=4, P=0.002, paired t-test, 
Fig. 3g). The ischaemia-evoked [K*], rise and depolarization were 
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unaffected by K* removal (Fig. 3g), but the [H*]; initially and dur- 
ing ischaemia were reduced (Fig. 3h). These data and those in Fig. 3c 
suggest that the ischaemia-evoked [K*], rise helps to acidify the cell, 
which in turn evokes Ca”* entry. 

Using an internal solution containing 50 mM HEPES, the ischaemia- 
evoked rise of [H*]; was, as expected, greatly reduced (Fig. 3f). This 
prevented the decrease of K* conductance (Figs 1g, 3i), consistent 
with intracellular acidity suppressing activity of tonically-active Kt 
channels”. Strikingly, however, buffering intracellular pH also pre- 
vented the ischaemia-evoked rise of [Ca]; and [Mg**]; (Fig. 3), k), 
implying that the ischaemia-evoked [H*]; rise activates entry of these 
cations into the cell. Consistent with this, uncaging protons in oligo- 
dendrocytes raised [Ca?*], and [Mg**]; (Fig. 31, m). 

Few channels allow entry of Ca** and Mg?* better than Na‘, but 
many TRP channels share this property”’ (and TRP channel activa- 
tion can cause ischaemic damage to neurons”! and astrocytes”). Of 
these channels, only???3.4 TRPAI and TRPV3 are known to be acti- 
vated by intracellular H*, so we applied modulators of these channels 
and examined the effect on oligodendrocyte [Ca**]; (TRP agonist 
and blocker specificity are discussed in Supplementary Information). 
The TRPA1/TRPV3 blocker isopentenyl pyrophosphate’® (IPP) and 
the TRPA1 blocker*® HC-030031 slowed and reduced the [Ca?*]; 
rise evoked by uncaging H* in the cell (Fig. 31). The TRPA1/TRPV3 
agonists?” menthol, vanillin, carvacrol (Cv) and 2-APB all raised 
[Ca’*]; in oligodendrocyte somata and myelinating processes, as did 
the TRPA1 agonists*” AITC, polygodial and flufenamic acid, while the 
TRPV3 agonists???” camphor and farnesyl pyrophosphate (FPP) did 
not (Fig. 4a, b). Thus, TRPA1 subunit-including channels contribute to 
these responses, but TRPV3 channels are not needed. The carvacrol- 
evoked rise of [Ca?*]; was reduced by HC-030031 which blocks TRPA1 
but not TRPV3”%, by the TRPA1/TRPV3 blocker isopentenyl pyro- 
phosphate” (IPP), and by TRPA1 knockout (Fig. 4b), again implying 
involvement of TRPA1 channels. It was unaffected by buffering [H*]; 
(Fig. 4b), consistent with Ca** entry via TRPA1 being downstream of 
the [H*]; rise, as seen with H* uncaging (Fig. 31). 

Using in situ hybridization, a TRPA1 probe labelled cerebellar 
white matter in rat and mouse, while a TRPV3 probe labelled rat only 
(Extended Data Fig. 5a). Immunocytochemistry revealed that TRPA1- 
and TRPV3-expressing cells included myelinating oligodendrocytes 
expressing Olig2 and CC1 (Extended Data Fig. 5b-d). 

Consistent with ischaemia raising [Ca?*]; by activating TRPA1- 
rather than TRPV3-containing channels, the general TRP blockers””” 
ruthenium red (RuR, 10 1M) and La*+ (1 mM) and the TRPA1/TRPV3 
blocker?° IPP (200 1M) reduced the [Ca?*]; rise, as did HC-030031 
and A967079, which block TRPA1 but not TRPV3”°”S (Fig. 4c-e). 
Knockout of TRPA1 slowed and halved the ischaemia-evoked [Ca?*]; 
rise, and the TRPA1/TRPV3 blocker IPP produced no further reduc- 
tion in the knockout (suggesting no contribution of TRPV3; see Fig. 4f), 
while knockout of TRPV3 did not affect the [Ca’*]; rise, and the TRPA1 
blocker HC-030031 slowed and halved the rise occurring in the TRPV3 
knockout (Fig. 4g). Blockers of many other TRP channels had no effect 
(Extended Data Fig. 6). Thus TRPA1 is the dominant contributor to the 
ischaemia-evoked rise of [Ca?*]; in oligodendrocytes. 

The larger (70%) block of the ischaemia-evoked [Ca?*]; rise by 
the TRPA1 blocker HC-030031 than by TRPA1 knockout (50%: 
Figs 4e, f) suggests that there may be compensatory upregulation 
of another Ca** entry pathway in the TRPA1 knockout, which nor- 
mally generates only ~30% of the [Ca**]; rise. Introducing high 
pH-buffering-power solution into the cell blocked the [Ca?"]; rise 
in the TRPA1 knockout (Fig. 4h), implying that the non-TRPA1 
Ca** entry pathway is also H*-activated. Since the non-specific TRP 
blockers RuR and La** abolished the ischaemia-evoked [Ca?*]; rise, 
these data suggest that there is another Ca?*-permeable TRP chan- 
nel (neither TRPA1 nor TRPV3) that is activated by internal H* 
in oligodendrocytes and generates ~30% of the ischaemia-evoked 
[Ca?*]; rise. 
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Figure 4 | TRPAI mediates ischaemic Ca”* accumulation and myelin 
damage. a, A[Ca**]; to TRPA1/TRPV3 agonists (mM) (menthol 2, vanillin 

1, 2-APB 2), TRPV3 agonists (camphor 2, FPP 0.5) and TRPA1 agonists 
(AITC 0.5, FFA 1, polygodial 0.2). b, A[Ca?*]; to TRPA1/TRPV3 agonist 
carvacrol (2mM, in 11M TTX) is inhibited by TRPA1/TRPV3 antagonist 
isopentyl pyrophosphate (IPP, 200 1M, Mann-Whitney test on soma), TRPA1 
antagonist HC-030031 (80)1M), and TRPA1 knockout (KO) (Mann-Whitney 
test on processes), but not by 50 mM internal [HEPES] (P values compare 
with control). c, d, Ischaemia-evoked A[Ca”*]; is blocked by ruthenium red 
(RuR, 101M) (c), and La?* (d, 1mM, using HEPES-buffered external, Mann- 
Whitney test on soma). e, Block of ischaemia-evoked A[Ca?*]; by TRPA1/ 
TRPV3 blocker IPP (200|1M) and TRPA1 blockers HC-030031 (80,1M) and 
967079 (10\1M). Mann-Whitney P values compare with control. f, Ischaemia- 
evoked A[Ca**]; in wild-type mice, with TRPA1 knocked out (P=0.07 for 
processes) and with TRPA1/TRPV3 blocker IPP (2001M) also present. 

g, Ischaemia-evoked A[Ca?*]; in wild-type mice, with TRPV3 knocked out 
and with TRPA1 blockers HC-030031 (80M, 6 cells) or A967079 (10 4M, 

1 cell) also present (Mann-Whitney P values). h, Ischaemia-evoked A[Ca**]; 
in TRPA1 KO with 10 and 50 mM internal [HEPES]. i, Electron microscopy 
showing control optic nerves and myelin decompaction (white arrows) after 
60 min ischaemia or ischaemia in RuR (10 11M), or 4967079 (10j1M) and 
HC-030031 (801M) together (TRPA1 block). j-m, Lamella separations (j), 

g ratio (k), axon diameter (I) and axon vacuoles (m, electron microscopy 
shows vacuoles (black arrows) within axon and periaxonal space) in control, 
ischaemia alone or ischaemia with RuR (101M) or with A967079 (10,.M) and 
HC-030031 (80}1M) (TRPA1 block). Bar numbers are ‘images (axons): P values 
for j-m from Mann-Whitney tests, except 1 from Kolmogorov—Smirnoyv test. 
Error bars, s.e.m.; data from rat unless stated otherwise. 
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To assess the role of TRPA1-containing channels in evoking myelin 
damage, we exposed rat optic nerves to 60 min ischaemia. This led to 
disruption of myelin sheaths””, which we quantified by counting the 
regions of myelin decompaction (lamellar separation) per axon cross 
section (see Methods). Taking as baseline the level of decompaction 
that occurs in control nerves during processing for electron micros- 
copy, ischaemia increased decompaction (P=3 x 1078), and ruthenium 
red or the TRPA1 blockers HC-030031 and A967079 (applied together) 
reduced this increase by 69% (P=3 x 10~°) and 59% (P=2 x 107°), 
respectively (Fig. 4i, j). Ischaemia did not affect the axon g ratio (Fig. 4k; 
see Methods), but increased axon diameter through swelling (Fig. 41). 
It also caused some axon vacuolization (Fig. 4m): vacuoles were seen 
in 4.3% of 2,390 control axons, but in 21% of 15,976 axons after ischae- 
mia. Vacuolization was not prevented by TRP channel block (Fig. 4m), 
suggesting different mechanisms for axon and myelin damage. 

Thus, ischaemic damage to oligodendrocytes differs fundamentally 
from that in neurons (Extended Data Fig. 7), where [Ca?*]; is raised 
by glutamate-gated receptors (and later by TRP channels activated by 
reactive oxygen species”!). Contradicting current ideas”, ischaemia 
does not damage oligodendrocytes by activating Ca’+ entry through 
ionotropic glutamate receptors in their membranes. Instead, ischaemia- 
evoked sodium pump inhibition and glutamate release evoke a 
long-lasting rise of [K*], that, together with metabolic changes, acidifies 
the oligodendrocyte, activating H*-gated TRP channels through which 
Ca** enters. 

In the optic nerve, ischaemia-evoked Ca’* entry into oligodendro- 
cytes is blocked by NMDA receptor antagonists’, contradicting our 
demonstrations that NMDA evokes no [Ca?*]; rise in oligodendro- 
cytes (Fig. 2) and that the ischaemia-evoked [Ca?*]; rise is unaffected 
by NMDA receptor blockers (Fig. 3). Conceivably, in the optic nerve, 
NMDA receptors on astrocytes” make a greater contribution than in 
cerebellum to generating the ischaemia-evoked rise of [Kt], and thus 
the [Ca*], rise. 

TRPAI generates ~70% of the ischaemia-evoked [Ca?*]; rise, 
and TRPAI blockers reduce ischaemic damage to myelin (Fig. 4). 
Consequently, blocking oligodendrocyte TRPA1-containing channels 
may reduce myelin loss during the energy deprivation that follows 
stroke, secondary ischaemia caused by spinal cord injury, or hypoxia 
in multiple sclerosis*°. 


Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper. 
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METHODS 


Animals. Experiments used Sprague-Dawley rats or transgenic mice of either sex. 
Data are from rats unless stated otherwise. Animal procedures were carried out 
in accordance with the guidelines of the UK Animals (Scientific Procedures) Act 
1986 and subsequent amendments. TRPV3 knockout (KO) mice were obtained 
from JAX (http://jaxmice.jax.org/strain/010773.html). TRPA1 KO mice were 
obtained as a double knockout with TRPV1 knocked out (kindly provided by J. 
Wood and J. Sexton). TRPV1 does not contribute to the ischaemia-evoked [Ca?*]; 
rise described here because the TRPV1 antagonist””’ capsazepine did not reduce 
the ischaemia-evoked [Ca”*]; rise in rat oligodendrocytes (Extended Data Fig. 6a) 
and the TRPV1 agonists”””” capsaicin (10 |.M) and camphor (2 mM) did not evoke 
a [Ca’*]; rise (see Specificity of drugs acting on TRP channels section and Fig. 4a). 
Wild-type and (double) KO mice were from a colony obtained by breeding mice 
doubly heterozygous for the TRPA1 and TRPV1 knockouts. The wild-type and KO 
mice compared shared the same doubly heterozygous grandparents. 

Brain slice preparation. Cerebellar slices (225 \1m thick) were prepared from 
the cerebellum of P12 rats in ice-cold solution containing (mM) 124 NaCl, 26 
NaHCOs, 1 NaH2POg, 2.5 KCl, 2 MgCls, 2-2.5 CaCl, 10 glucose, bubbled with 
95% O2/5% COz, pH 7.4, as well as 1 mM Na-kynurenate to block glutamate recep- 
tors. Slices were then incubated at room temperature (21-24 °C) in the same solu- 
tion until used in experiments. Cerebellar slices from P10-17 mice were prepared 
in ice-cold solution containing (mM) 87 NaCl, 25 NaHC0s, 1.25 NaH2POx,, 2.5 KCI, 
7 MgCl, 0.5 CaCly, 25 glucose, 75 sucrose, 1 Na-kynurenate and then transferred 
to the same solution at 27°C and allowed to cool naturally to room temperature. 
Only 1 cell was recorded from in each slice. 

Cell identification and electrophysiology. Oligodendrocytes, cerebellar granule 
cells and hippocampal pyramidal cells were identified by their location and mor- 
phology. All cells were whole-cell clamped with pipettes with a series resistance 
of 8-30 MQ. Electrode junction potentials were compensated. I-V relations were 
from responses to 200 ms voltage steps. Unless otherwise indicated, cells were 
voltage-clamped at —74mV. 

External solutions. Slices were superfused with either bicarbonate-buffered solu- 
tion containing (mM) 124 NaCl, 2.5 KCl, 26 NaHCOs3, 1 NaH»PO,, 2-2.5 CaCh, 
1 MgCh, 10 glucose, pH 7.4, bubbled with 95% O and 5% CO, or with HEPES- 
buffered solution containing (mM) 144 NaCl, 2.5 KCI, 10 HEPES, 1 NaH»POu, 
2-2.5 CaCl, 1 MgCh, 10 glucose, pH set to 7.3 with NaOH, bubbled with 100% 
O>. During experiments when NMDA was applied and ion concentration changes 
were observed with ion-sensitive dyes, MgCl, was omitted from the solution to 
minimize the Mg’* block. For experiments involving Gd** and La**, the HEPES- 
based solution was used and NaH2PO, was omitted. To simulate ischaemia we 
replaced external O2 with N>, and external glucose with 7 mM sucrose, added 
2 mM iodoacetate to block glycolysis, and 25 |1M antimycin to block oxidative 
phosphorylation**!. All ischaemia experiments were done at 33-36 °C, while appli- 
cations of NMDA and of TRP channel agonists were at 24°C. Control and drug 
conditions were interleaved where appropriate. For calcium imaging experiments 
when applying ischaemia solution to brain slices from transgenic mice, the exper- 
imenter was blind to the genotype. 

Intracellular solutions. Cells were whole-cell clamped with electrodes containing 
either Cs- (to improve voltage uniformity) or K-gluconate-based solution, com- 
prising (mM) 130 Cs-gluconate (or K-gluconate), 2 NaCl, 0.5 CaCl, 10 HEPES, 
10 BAPTA, 2 NaATP, 0.5 Na,GTP, 2 MgCl, 0.5 K-Lucifer yellow, pH set to 7.2 with 
CsOH or KOH (all from Sigma). The K*-based solution was used for current- 
clamp experiments. For Ca?+ imaging experiments, BAPTA was decreased to 
0.01 mM and replaced with 10 mM phosphocreatine, added CaCl, was reduced 
to 104.M, and Lucifer yellow was replaced with 1 mM Fura-2, or 200|1.M Fluo-4 
with 50,1M Alexa Fluor 594, or 200,|1M X-Rhod-1 with 50,.M Alexa Fluor 488 
(all from Molecular Probes) to allow ratiometric imaging. For imaging pH, Lucifer 
yellow was replaced with BCECF (961M) and the HEPES concentration was 
decreased to 0.5mM. This [HEPES] was also used for control experiments when 
examining the effect of 50 mM internal [HEPES] on the ischaemia-evoked cur- 
rent; ischaemia-evoked membrane current changes were indistinguishable when 
0.5 and 10mM HEPES were used (see main text), presumably because endogenous 
pH buffering dominates at these low [HEPES] levels. For experiments where the 
pH-buffering capacity of the internal solution was increased, 68 mM K-gluconate 
and 50mM HEPES were used. When uncaging protons, 2 mM 1-(2-nitrophenyl) 
ethyl sulphate sodium salt (NPE-caged protons, Tocris) was added to the pipette 
solution and 10 mM HEPES was replaced by 30 mM Tris to prevent ultraviolet-light- 
mediated oxidation®” of HEPES (and K-gluconate was reduced from 130 to 
120mM). For Nat and K* imaging experiments, Lucifer yellow was replaced with 
1 mM of the Na*-sensing dye SBFI tetra-ammonium salt or of the K*-sensing dye 
PBFI tetra-ammonium salt (Molecular Probes). In some experiments MK-801 
(1 mM) was added to the internal solution to block NMDA receptors, and cells 


were depolarized to —10 mV for 10s intermittently over a 20 min waiting period 
to facilitate MK-801 block of open channels. 

Single-cell ion imaging and H* uncaging. For Fura-2, SBFI and PBFI imaging 
when applying NMDA or during ischaemia, white matter oligodendrocytes and 
grey matter granule cells were patch-clamped with pipettes containing a solution 
as described above, fluorescence was excited sequentially at 340 + 10nm and 
380 + 10 nm, and emitted light was collected at 510 + 20nm. The ratio (R) of 
the emission intensities (340 nm/380 nm), after subtraction of the background 
intensity averaged over 4 distant areas of the image, was used as a measure of 
intracellular ion concentration. Increases of ion concentration generated a fall of 
fluorescence (F) excited at 380 nm and a rise in fluorescence excited at 340 nm, 
which is plotted as AR/R in the graphs shown, with R = F349 nm/F'3g0 nm: an upward 
deflection corresponds to a rise of concentration of the sensed ion. For Fura-2, 
SBFI and PBFI, mean values of R before applying NMDA or ischaemia solution 
were 0.41 £0.05 (n=5), 1.68 + 0.14 (n= 13) and 1.86 + 1.10 (n=8) respectively. 

Fluo-4 and Alexa Fluor 594 were used in the internal solution to measure 
[Ca**]; changes ratiometrically during H*-uncaging and most ischaemia exper- 
iments. To measure [Mg”*]; Mag-Fluo-4 was used instead of Fluo-4. Fluo-4 
(or Mag-Fluo-4) and Alexa Fluor 594 fluorescence were excited sequentially every 
2, 10 or 30 s at 488 + 10nm and 585 + 10nm, and emission was collected using a 
triband filter cube (DAPI /FITC/Texas red, 69002, Chroma). The mean ratio of 
intensities (F4gg nm/F'sgs nm) before applying NMDA or ischaemia was 0.81 + 0.09 
(n= 16) for Fluo-4 and 0.55 £0.04 (n =6) for Mag-Fluo-4. Caged-H* were 
uncaged using 380 + 20 nm light for 1 s every 2 s (repeated 30 times) interspersed 
with the above excitation wavelengths. BCECF was imaged every 30 s at 400 and 
480 nm, with emission collected using the above tri-band filter. The ratio (R) of 
the emitted light excited by these two wavelengths (F4g0 nm/Fao0 nm) Was used as a 
measure of [H*]; (mean value before ischaemia was 17.6 + 0.9, n=8) but, since 
this ratio decreases with increasing [H*];, when plotting changes in AR/R in 
Fig. 3e and Extended Data Fig. 4 we multiplied them by —1 to produce a trace that 
increased with [H*];. 

During ischaemia, slices swelled at the time of the anoxic depolarization. When 
cells were patch-clamped with calcium dyes, the resulting movement of the cell away 
from the electrode sometimes caused [Ca**]; oscillations within the cells. These 
oscillations did not occur if the patch pipette was removed (after 2 min to allow 
dye-filling) before the ischaemic solution was applied. Without the pipette attached 
to the cell, the time-course of the ischaemia-evoked [Ca**]; rise was the same as with 
the electrode attached, but its amplitude was 69% larger (ratio increase 0.21 + 0.03, 
n= 20 versus 0.12 + 0.02, n= 16). In some experiments (those in Fig. 4c—g and 
Extended Data Fig. 6) we therefore removed the pipette for calcium-imaging. 

Control experiments were carried out to check whether the ischaemia-evoked 

change of pH would affect our [Ca”*]; measurements. The internal solution for Ca**- 
sensing was studied in the experimental bath that the slices usually are placed in. 
The resting ratio of Fluo-4 fluorescence to Alexa 594 fluorescence was not signif- 
icantly affected by altering the pH of the solution from 7.05 to 6.55, and this also 
did not affect the change of ratio produced by adding 200 nM Ca?" to the sensing 
solution (Extended Data Fig. 4b, c). Thus, even a 0.5 unit pH change occurring in 
the oligodendrocyte would not significantly affect the calcium dye measurements. 
AM dye loading. X-Rhod-1-AM (38 1M) dye loading with the myelin marker 
DIOC6 into P12 cerebellar slices was performed as described previously for optic 
nerves’. Loading times ranged from 1-2h and a de-esterification period of 30 min 
at 36°C was allowed before imaging. 
Potassium electrodes. Potassium electrodes were made as described*?, Electrodes 
were pulled with a resistance of 4-10 MQ. Electrode tips were silanized by heating 
them to 250°C for 7 min while N2 and N,N-dimethyltrimethylsilylamine (Fluka) 
were gassed into the tip from the back of the electrode. The tip was then filled 
with either 6% valinomycin, 1.5% potassium tetrakis(4-chlorophenyl)borate 
(Fluka) and 92.5% 1,2-dimethyl-3-nitrobenzene (Fluka) or the pre-made potas- 
sium sensitive ionophore I - cocktail B (Fluka). The electrodes were back-filled 
with the bicarbonate-buffered external solution mentioned above (2.5mM K*), 
and attached to a sensitive high resistance electrometer (Model FD 223, World 
Precision Instruments). A reference electrode tip was placed less than 5 zm away 
from the K* electrode tip, and the voltage changes measured by it were subtracted 
from those measured with the K* electrode. [K*], was determined by calibrating 
each electrode at the end of every experiment with at least 3 different Kt concen- 
trations (1, 2.5, 5, 7.5, 10 or 17.5mM). To check for cross-reactivity, the [NaCl], 
was decreased by 60 mM which led to a —2.2 0.1 mV change in voltage (n= 3), 
while a pH change from 7.3 to 6.5 led to a 0.47 + 0.22 mV change (n= 3). Both 
of these changes are much less than the 17.5+ 0.5 mV change (n= 18) seen in 
response to an increase of [K*], from 2.5 to 5 mM (which is consistent with the 
electrodes used having an average calibration slope of 60.9 + 0.9 mV (n=6) per 
tenfold change of [K*],). 
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Drugs used. Stock solutions of the following drugs were made up in water: NMDA, 
AP5, NBQX, MK801, 7-CK, TTX, PDC, IPP, CPG, SKF 96365 and RuR. (S)-MCPG 
and amiloride were made up in external solution. Carvacrol was made up in etha- 
nol. Bicuculline, bumetanide, HC 030031, A967079, flufenamic acid, capsazepine, 
FTY720-HCI, 2-APB, AITC, RN1734 and ML204 were made up in DMSO. When 
used, DMSO and ethanol were also added to control solution at the same concen- 
trations, and did not evoke [Ca?*]; changes at the concentrations used. Stocks were 
kept at —20°C apart from carvacrol, menthol, vanillin, AITC, and RuR, which were 
made up fresh on each day of use. To minimise evaporation of carvacrol, vanillin 
and menthol, lids were kept on until the solutions were used. Gd** and La** were 
applied (as chloride salts) in bicarbonate- and phosphate-free solution to avoid 
chelation by these anions (see External solutions section earlier). 
Immunohistochemical labelling of oligodendrocytes. Cerebellar slices were 
fixed for 30 min in 4% paraformaldehyde (PFA), and incubated for 1 to 6h in 
0.1% Triton X-100, 10% goat serum in phosphate-buffered saline at 21°C, then 
with primary antibody at 4°C overnight with agitation, and then 2h or overnight 
at 24°C with secondary antibody. Primary antibodies were: anti-CC1 (mouse, 
1:300, Calbiochem OP80 monoclonal) and anti-Olig-2 (rabbit, 1:700, Millipore, 
AB9610 polyclonal). Secondary antibodies were: goat anti-rabbit Alexa Fluor 488 
or 568 (Molecular Probes, 1:1,000), donkey anti-rabbit Alexa Fluor 488 (Millipore, 
1:1,000), and goat anti-mouse Alexa Fluor 568 (Millipore, 1:1,000). 

Antibody labelling and in situ hybridization for TRPA1 and TRPV3. TRPA1 
and TRPV3 antibodies appeared to label the myelinating processes and somata of 
oligodendrocytes in rat, but the labelling was not significantly different in wild-type 
mice and mice with TRPA1 or TRPV3 knocked out (data not shown). We therefore 
turned to in situ hybridization. 

Solutions used for in situ hybridization were pretreated with 0.1% DEPC. 
Animals were perfused with PBS followed by 4% PFA. Brains were post-fixed in 4% 
PFA overnight at 4°C, cryoprotected in 20% sucrose overnight at 4 °C and frozen 
in Tissue-Tek OCT Sections (20 jum) collected onto Superfrost Plus microscope 
slides (VWR International) were hybridized at 65°C overnight with hybridization 
buffer [50% v/v deionized formamide (Sigma), 10% w/v dextran sulphate (Fluka), 
0.1 mgmlI~ yeast tRNA (Roche), 1x Denhardt's solution (Sigma) and 1 x ‘salts’ 
(200 mM NaCl, 5 mM EDTA, 10 mM Tris-HCl pH 7.5, 5 mM NaH2PO,, 5mM 
Na,HPO,)] containing digoxigenin (DIG)-labelled antisense RNA probe (1:1,000). 
Sections were washed with a washing solution (50% w/v formamide, 1 x SSC, 0.1% 
Tween 20) three times at 65°C for 30 min, followed by two 1x MABT (100 mM 
maleic acid, 150 mM NaCl, pH 7.5, 0.1% Tween-20) washes at room temperature 
for 30 min each. Sections were subsequently blocked with blocking solution (2% 
w/v blocking reagent (Roche Diagnostics), 10% v/v heat-inactivated sheep serum 
(Sigma) in 1x MABT) for 1 h at room temperature and incubated with anti-DIG 
antibody conjugated with alkaline phosphatase (AP) (Roche Diagnostics, 1:1,500 
in blocking solution) at 4°C overnight. Sections were then washed in 1x MABT 
5 times for 20 min each at room temperature, followed by two 5 min washes in 
staining buffer (100 mM NaCl, 50 mM MgCh, 100 mM Tris-HCl, pH 9.5, 0.1% 
Tween-20). Development was performed at 37°C for 24-48 h overnight with 
nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate in freshly prepared 
staining solution (50% v/v staining buffer, 25 mM MgCl, 5% w/v polyvinyl alco- 
hol). Sections were washed in PBS and immunohistochemistry was performed as 
described above. The plasmids used to generate RNA probes were: IMAGE clone 
40129486 for Trpal (linearized with Clal and transcribed with T3 RNA polymer- 
ase) and IMAGE clone 40047664 for Trpv3 (linearized with Xhol and transcribed 
with SP6 RNA polymerase). In situ hybridization was repeated using at least three 
animals for each probe. 

Quantifying myelin decompaction during chemical ischaemia using electron 
microscopy. For chemical ischaemia experiments, optic nerves were dissected 
from P28 Sprague-Dawley rats and incubated for 1h at 36°C in either control 
or ischaemic solution with and without the TRPA1/V3 channel blocker ruthe- 
nium red (10|1M) or the combined presence of the TRPA1 blockers HC-030031 
(801M) and A967079 (101M). The optic nerves were then immersion fixed in 2% 
paraformaldehyde and 2% glutaraldehyde in 0.1 M cacodylate buffer overnight. 
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All samples were then post-fixed in 1% OsO,4/0.1 M cacodylate buffer (pH 7.3) at 
3°C for 2h before washing in 0.1 M cacodylate buffer (pH 7.3). The samples were 
dehydrated in a graded ethanol-water series at 3 °C and infiltrated with Agar 100 
resin mix. The nerve was then cut transversely at the mid-point, blocked out and 
hardened. Ultra-thin sections were taken, 300|1m from the cut end of the middle 
of the nerve, on a Reichert Ultracut S microtome. Sections were collected on 300 
mesh copper grids and stained with lead citrate. The sections were imaged using a 
Joel 1010 transition electron microscope and a Gatan Orius camera. 

In 3 out of 4 experiments the experimenter was blinded to the drug condition 

before imaging (all 4 experiments gave similar results). One section was used from 
each nerve and eight 21.5j1m x 17.3}1m images were collected at x 8,000 magni- 
fication, four from the peripheral borders of the nerve at 0°, 90°, 180° and 270° 
positions on the section, and four covering the central portion of the nerve. In all 
experiments the image identities were then blinded before analysis, and the number 
of large separations of lamellae (decompaction) was counted. Decompaction was 
defined as a visible white inter-lamellar gap being present between at least 2 normal 
lamellae. Regions of decompaction were normally separated from each other by 
an area of compact myelin, but when most of the myelin surrounding an axon had 
separated lamellae, decompacted regions were counted at 0.5 jum intervals around 
the sheath. The number of decompacted regions was normalized to the number of 
axons per image. Some decompaction occurred even in control nerves as a result of 
the processing for electron microscopy, so we assessed drug block of decompaction 
by quantifying the ischaemia-evoked increase in decompactions seen without and 
with the drug present. Myelin g ratios were calculated as the square root of the ratio 
of the area of the axon to the area of the axon plus myelin sheath. When drawing 
lines around the axon and sheath, areas of decompaction were ignored, that is, we 
interpolated the lines from regions that were not decompacted. Axon diameter was 
calculated as (4(axon area)/x)°°. Axon vacuolization was defined as the inclusion 
of one or more large (>0.1{1m) empty membrane bound (often circular) organelles 
within the axon or periaxonal space (Fig. 4m) which may reflect rearrangement 
of internal axonal membranes or be formed from inclusion of myelin membranes 
into the axon (Fig. 4m). 
Statistics. Data are presented as mean + s.e.m. Experiments were carried out 
on brain slices from at least 3 animals on at least 3 separate days, except for a 
few experiments using expensive drugs which were done on only 2 days. Only 
1 cell was recorded from in each slice, so the numbers of cells given are also the 
numbers of slices. P values are from two-tailed Student's t-tests (for normally dis- 
tributed data, assessed using Shapiro-Wilk tests) or Mann-Whitney U tests (for 
non-normally distributed data). Normally distributed data were tested for equal 
variance (P< 0.05, unpaired F-test) and homo- or heteroscedastic t-tests were 
chosen accordingly. P values in the text are from unpaired t-tests unless otherwise 
stated. When small sample sizes (1 < 4) achieved P < 0.05, analysis of sample and 
effect size typically demonstrated a power for detecting the observed effect of 
80-99% (mean 92%), with two exceptions: the process data in Fig. 4c (power 78%) 
and the soma data in Fig. 4h (power 75%). For multiple comparisons within one 
experiment (usually one figure panel, but measurements of [Ca?*]; in somata and 
processes were treated as separate experiments even when plotted in the same 
figure panel), P values were corrected using a procedure equivalent to the Holm- 
Bonferroni method (for N comparisons, the most significant P value is multiplied 
by N, the 2nd most significant by N — 1, the 3rd most significant by N — 2, etc.; 
corrected P values are significant if they are less than 0.05). All statistical analysis 
was conducted using OriginLab software. 


31. Allen, N. J., Karadéttir, R. & Attwell, D. A preferential role for glycolysis in 
preventing the anoxic depolarization of rat hippocampal area CA1 pyramidal 
cells. J. Neurosci. 25, 848-859 (2005). 

32. Keynes, R. G., Griffiths, C. & Garthwaite, J. Superoxide-dependent consumption 
of nitric oxide in biological media may confound in vitro experiments. 
Biochem. J. 369, 399-406 (2003). 

33. Marcaggi, P., Jeanne, M. & Coles, J. A. Neuron-glial trafficking of NH4at and Kt: 
separate routes of uptake into glial cells of bee retina. Eur. J. Neurosci. 

19, 966-976 (2004). 


© 2016 Macmillan Publishers Limited. All rights reserved 


LETTER 


a 


160 Drug = sInterleaved controls = 
140 
120 
100 - 


% of interleaved controls 
foe) 
oO 


d e 


Sum of increase Experimental 49041 (pA) 
Decrease 400 Increase 400 in [K*], and ischaemia-evoked 
in 9, decrease in g, current 


Control current and current in ischaemia Ischaemia current minus control current 


Decrease Increase 


mV mv 
= -1 40 
| (pA) | (pA) 
-400 

Extended Data Figure 1 | Tests for causes of the ischaemia-evoked current. Black lines are control J-V relations. Red lines are I-V relations 
current. a, Effect of blocking various putative glutamate release in ischaemia showing the effect of a conductance decrease (left) or of a 
mechanisms (blocker concentrations given in Supplementary Information) __ positive shift of reversal potential due to [K*], rising (right). c, Ischaemia- 
on peak ischaemia-evoked currents measured in the presence of each evoked current change for the two mechanisms in b (cf. Fig. 1g). d, Sum of 
drug and in interleaved controls (data from rat). No significant differences currents in c gives an J-V relation with a reversal potential more negative 
were measured (P > 0.20). b, Schematic showing effect of ischaemia- than Ex. e, Experimentally observed ischaemia-evoked current in 10 
evoked decrease in resting conductance (which is dominated by gx, left) oligodendrocytes with 10 mM internal HEPES (difference of curves in 
and ischaemia-evoked [K*], rise (right) on oligodendrocyte membrane Fig. 1f). Error bars are s.e.m. 
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Extended Data Figure 2 | K* flux changes generate the oligodendrocyte 
NMDaA-evoked current. a, b, Extracellular Cs* (30 mM, replacing Na‘) 
reduces the inward current evoked by 100 1M NMDA at —74 mV in rat 
oligodendrocytes (a), but not in hippocampal CA1 pyramidal neurons 
(b). c, d, Intracellular MK-801 (1 mM) has no effect on NMDA-evoked 
currents in oligodendrocytes (c) but blocks them in pyramidal cells (d), 
while extracellular MK-801 (501M) blocks both. e, Voltage-dependence 


of the current evoked in 16 oligodendrocytes by 100 ,sM NMDA and by 
elevating [Kt], from 2.5 to 5mM. f, Specimen plot of membrane current 
in an oligodendrocyte versus local [K*], in response to applying 100 1M 
NMDA or elevating [K*], from 2.5 to 5mM. Horizontal cell line shows 
that if NMDA raises [K*], to (say) 4.5mM, the current attributable to the 
[K*] rise alone is 51% of the NMDA-evoked current. Mean value in 11 
cells was 49% (see Supplementary Information). Error bars are s.e.m. 
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Extended Data Figure 3 | NMDA-evoked ion concentration changes in 
neurons differ from those in oligodendrocytes. a, Specimen records of 
rat cerebellar granule cell membrane current and background-subtracted 
fluorescent dye ratio (R, see Methods) when measuring [Ca?*]; with 

Fura-2, [Na*]; with SBFI, and [K*]; with PBFI, when 100,.M NMDA was 


applied. The rise of [K*]; seen reflects K* entry: [K* ] pipette was 32.5 mM, 
so Ex > —60 mV for [K*], > 3.3 mM. b, Mean peak fluorescence change 
normalized to evoked current (number of cells on bars; P value from 
Mann-Whitney test). Oligodendrocyte data for comparison are shown in 
Fig. 2. Error bars are s.e.m. 
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Extended Data Figure 4 | Comparison of NMDA-, [K*]patn- and 
ischaemia-evoked changes of [H*];. a, Measurements of changes of 
ratio (R, see Methods) of background-subtracted BCECF fluorescence in 
rat oligodendrocytes in response to 100,1M NMDA (5 cells) and raising 
(K*]bath from 2.5 to 5mM with 0.5mM internal HEPES (6 cells), and 


ARIR (Fluo-4/Alexa594) 


Ischaemia 


0.5mM [HEPES] 


50mM [HEPES], 


+200nM [Ca?*] 
p=0.71 


to ischaemia with 0.5 mM and 50 mM internal HEPES (9 and 6 cells, 
respectively). b, c, Effect of pH of 10 mM HEPES internal solution on 
baseline ratio of Fluo-4 to Alexa 594 fluorescence (P value from Mann- 
Whitney test) (b), and change of ratio when [Ca] was increased by 200nM 
(c). Error bars are s.e.m. 
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Extended Data Figure 5 | In situ hybridization data on TRP channel 
expression. a, In situ data for TRPA1 and TRPV3 in the cerebellum of 
rats and mice show TRPA1 messenger RNA in white matter (WM) cells 
in rats and mice (with denser expression in the adjacent granule cell layer, 
GCL), but TRPV3 mRNA only in white matter cells in rats. Specimen 
cells are labelled with white circles. b, Higher magnification views of 
white matter, combining in situ hybridization for TRPA1 and TRPV3 
with immunocytochemistry for Olig2 (to label oligodendrocyte lineage 
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cells) and CC1 (to define myelinating oligodendrocytes). TRPAI mRNA 
is present (in rats and mice) and TRPV3 mRNA is present (in rats but not 
mice) in myelinating oligodendrocytes (Olig2*, CC1*: arrowheads) and 
also in some presumed oligodendrocyte precursor cells (Olig2*, CC1-: 
arrows). c, d, Quantification of presence of mRNA for TRPA1 (c) and 
TRPV3 (d) in different oligodendrocyte lineage cell classes. Numbers on 
bars are ‘images analysed (cells counted)’. P value from Mann-Whitney 
test. Error bars are s.e.m. 
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Extended Data Figure 6 | Further evidence for the identity of TRP 
channels in oligodendrocytes. [Ca**]; increase (ratio signal from Fluo-4 
and Alexa Fluor 594) in rat oligodendrocyte somata when ischaemia 
solution was applied with the following drugs present (data normalized 

to interleaved controls, shown as black bars): RN-1734 (0.5 mM), which 
blocks TRPV4 and, less well, TRPV1, TRPV3 and TRPM8; a cocktail of 
blockers inhibiting (see Supplementary Information section on Specificity 
of drugs acting on TRP channels section) TRPP2, TRPC3, TRPC4, TRPC5, 
TRPC6, TRPC7, TRPM2, TRPM4, TRPM5, TRPV1, TRPV2, TRPM7, 
TRPMB8 and TRPP1, as well as the store-operated calcium channel 
component STIM1 and some voltage-gated calcium channels; blocking 
voltage-gated Ca”? channels with 101M benidipine; or blocking reversed 
Na/Ca exchange with 101M KB-R7943 mesylate (P values, from Mann- 
Whitney test and t-test as appropriate, were non-significant (P > 0.28)). 
Error bars are s.e.m. 
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Extended Data Figure 7 | Schematic of how oligodendrocyte [Ca”*]; 
is raised in ischaemia. Run-down of transmembrane ion gradients 
when Na pump stops (crosses) leads to glutamate transporters (GluT) 
reversing (1) and releasing glutamate (2). This depolarizes (and causes a 
neurotoxic [Ca?*]; rise in) neurons (3) and raises [K*], (4), causing an 
inward current (5) through oligodendrocyte K* channels (KCh). At the 
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same time, metabolic changes and also the rise of [K*], lead to a rise in 
oligodendrocyte [H*]; (6). This decreases the membrane K* conductance 
(either directly or via TRPA1-containing channels opening) which 
contributes to the inward current generated, and opens TRPA1-containing 
channels (7) that let Ca** and Mg** into the cell (8). The resulting rise of 
[Ca**]; damages the myelin. 
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Interferon-6 therapy specifically reduces pathogenic 
memory B cells in multiple sclerosis patients 
by inducing a FAS-mediated apoptosis 


Fabiana Rizzo!, Elena Giacomini!, Rosella Mechelli2, Maria Chiara Buscarinu2, Marco Salvetti2, 


Martina Severa!** and Eliana Marina Coccia!4 


Growing evidences put B lymphocytes on a central stage in multiple sclerosis (MS) immunopathology. While investigating the 
effects of interferon-f (IFN-f) therapy, one of the most used first-line disease-modifying drugs for the treatment of relapsing- 
remitting MS, in circulating B-cell sub-populations, we found a specific and marked decrease of CD27+ memory B cells. 


Interestingly, memory B cells are considered a population with a great disease-driving relevance in MS and resulted to be also 
target of B-cell depleting therapies. In addition, Epstein-Barr virus (EBV), associated with MS etiopathogenesis, harbors in this 
cell type and an IFN-f-induced reduction of the memory B-cell compartment, in turn, resulted in a decreased expression of the 
EBV gene /atent membrane protein 2A in treated patients. We found that in vivo IFN-f therapy specifically and highly induced 
apoptosis in memory B cells, in accordance with a strong increase of the apoptotic markers Annexin-V and active caspase-3, via 
a mechanism requiring the FAS-receptor/TACI (transmembrane activator and CAML interactor) signaling. Thus, efficacy of IFN-f 


therapy in MS may rely not only on its recognized anti-inflammatory activities but also on the specific depletion of memory B 
cells, considered to be a pathogenic cell subset, reducing their inflammatory impact in target organs. 
Immunology and Cell Biology (2016) 94, 886-894; doi:10.1038/icb.2016.55 


In multiple sclerosis (MS) research, there is growing acceptance and 
understanding of B-cell involvement in the immunopathogenesis of 
this inflammatory demyelinating disease of the central nervous system 
(CNS), challenging the concept of a unique role for autoreactive 
T cells. 

Studies on B-cell-depleting therapies, in particular with the 

anti-CD20 monoclonal antibody (mAb) Rituximab, boost the 
knowledge on B-cell functions in MS, unveiling a central role for 
memory B lymphocytes as the subset with the greatest disease-driving 
relevance. 
Memory B cells, identified by the expression of the CD27 
were shown to be major producers of 
proinflammatory cytokines, contributing to the dysregulated 
inflammatory milieu in MS,‘ as to be 
antigen-presenting cells (APC), thereby soliciting help to autoreactive 
T cells.° Accordingly, it is noteworthy that Rituximab treatment 
mediates not only the decrease in the absolute numbers of both 
peripheral blood and cerebrospinal fluid B cells but also of T cells, 
suggesting that B cells may contribute to the presence of T cells 
in MS CNS.® 


surface marker,? 


well as effective 


Nonetheless, CD27* memory B cells are the natural reservoirs of 
life-long latent Epstein-Barr virus (EBV) infection,’ an infectious 
agent that has long been regarded as candidate trigger of autoimmune 
response in MS.8 

These observations confirm how targeting the memory B-cell 
compartment in the treatment of MS might be a successful strategy. 
Accordingly, in this study we unveil a novel therapeutic action of 
interferon-B (IFN-B), still one of the most used first-line drugs in the 
treatment of relapsing—remitting MS (RRMS),? mediating a marked 
and specific reduction of memory B-cell frequency in the peripheral 
blood of treated MS patients, similarly as previously found for the 
B-cell-depleting drug Rituximab.! This IFN-B-induced depletion was 
exerted by the induction of a FAS-receptor (FAS-R)-mediated caspase- 
3-dependent apoptosis specifically in memory B cells, which in turn 
resulted also in a significant decrease in the dysregulated EBV latent 
membrane protein 2A (LMP2A) gene expression found in the 
peripheral blood cells of MS patients as compared with paired 
controls. Thus, IFN-B therapy may mediate B-cell-targeted immuno- 
modulatory activities, and, in turn, induce an EBV-directed anti-viral 
action exerting a dual effect on MS patients. 
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Figure 1 Effects of IFN-f therapy on circulating B-cell populations. Longitudinal studies were performed by flow cytometry on PBMCs isolated from freshly 
drawn blood of 35 RRMS patients at baseline (no treatment= 70) and after 1 month (71) of IFN-B therapy. PBMCs were stained with anti-CD19 and CD27 
mAbs to gate CD19* total B cells (a) and discriminate between CD27* memory (b) or CD27 ~-naive (c) B cells. Percentages in gated cells (upper panels) and 
absolute cell numbers counted in 10° gated cells (lower panels) are depicted for each analyzed population, together with median values. ***P<0.001; 


**** P< 0.0001; *****P<0.00001. 


RESULTS 

IFN-f treatment specifically reduces the number of circulating 
memory B cells 

Having in mind the powerful immune-modulatory properties of 
IFN-B, we investigated whether this therapy would regulate the 
peripheral B-cell subsets in RRMS patients. 

Circulating B-cell populations specifically express the lineage 
marker CD19; however, they can be subdivided in naive (CD19* 
CD27") or memory (CD19*CD27*) B-cell subtypes for the selective 
expression of CD27 surface antigen.!° 

First, the frequency of total circulating CD19‘ B lymphocytes 
derived from peripheral blood of MS patients (n= 35) longitudinally 
collected before (TO) and after 1 month (T1), from the beginning of 
IFN-f treatment was assessed by flow cytometry as both percent of live 
peripheral blood mononuclear cells (PBMCs) and absolute numbers 
(Figure la, upper and lower panel, respectively). This analysis showed 
that in vivo IFN-B administration mediates a marked reduction of 
whole CD19" B cells. 

Interestingly, the B-cell compartment specifically affected by in vivo 
IFN-f treatment was that of CD19*CD27* memory B cells (Figure 1b 
and Supplementary Figure 1A), with a concomitant increase in the 
naive CD19*CD27~ B-cell counterpart (Figure 1c and Supplementary 
Figure 1A). This opposite trend was even more pronounced when the 
frequency of memory and naive B cells was measured in the same 
patients following 6 months from the beginning of IFN-f therapy, 
demonstrating that the effect of this drug was not transitory but rather 
long-lasting (Supplementary Figure 1B). 

In adults, peripheral blood CD27 memory B cells further 
divide into Immunoglobulin (Ig)D‘CD27* non-switched memory 


and IgD~CD27* class-switched memory cells.!° Our results also 
showed that both non-switched memory and class-switched memory 
sub-populations of CD27* memory B cells were markedly decreased 
upon | month of IFN-f treatment; however, non-switched memory B 
cells were completely lost in treated patients (Supplementary 
Figure 1C). 

The specificity of IFN-B-mediated depletion of memory B cells 
was further confirmed by the observation that the percentage of 
circulating CD3* T cells and CD14* monocytes remained unchanged 
(Supplementary Figure 2). 

Taken together, these results showed that IFN-B therapy mediates a 
marked and specific redistribution of the B-cell compartment in MS 
patients depleting the disease-relevant CD27* memory B cells. 


IFN-f therapy reduces expression of the EBV gene LMP2A in 
PBMCs of RRMS patients 
Since IFN-f therapy is targeting circulating CD27* memory B cells, 
main reservoirs of EBV infection, we tested whether this drug would 
also indirectly perturb EBV gene expression levels in MS patients. 

EBV establishes a life-long latent infection in resting CD27* 
memory B cells, by using the sequential expression of four different 
transcriptional programs.!! The EBV-encoded LMP2A, a functional 
homolog of the B-cell receptor that conveys survival and antiapoptotic 
signals to infected cells, is always expressed, even if at various levels, 
independently of the latency program and allows persistence of 
latently infected memory B cells in the periphery.'? 

In healthy individuals who experienced EBV infection, circulating 
virus-harboring B cells are rare (one in 10°—-10° peripheral B cells).!° 
Thus, we used a very sensitive real-time reverse transcription-PCR 
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Figure 2 Modulation of EBV-encoded LMP2A gene expression by IFN-B therapy. Expression of viral LMP2A was analyzed by quantitative real-time reverse 
transcription-PCR (RT-PCR) in PBMCs of 35 RRMS patients (70) longitudinally followed upon IFN-6 therapy (71), and in PBMCs of 30 matched HD. 
(a) LMPZA transcription levels were normalized with those obtained for the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) by using 
the formula 24°. Normalized values from each single patient and medians are shown. *P<0.05. (b) Correlation between the decrease of the LMP2A gene 
expression (fold 71/70) and the reduced CD27* memory B-cell percentage (fold 71/70) upon IFN-f therapy is shown. 


technique, which includes a specific preamplification step,!+)> to 


measure LMP2A transcription in PBMCs of 35 RRMS patients, 
longitudinally followed before (70) and 1 month (T1) after the 
beginning of IFN-f administration, as compared with 30 sex- and 
age-matched healthy donors (HDs). Our data clearly indicated on the 
one hand that PBMCs derived from RRMS patients display a signifi- 
cantly higher EBV gene expression than that found in HD, and on the 
other hand that in vivo IFN-B reduces this expression level (Figure 2a). 
In addition, the decreased LMP2A expression observed upon in vivo 
IFN-f treatment positively correlated with the reduction of CD27* 
memory B-cell frequency found in the same treated patients (Figure 2b). 
Thus, we can postulate that IFN- therapy, by targeting the memory 
B-cell compartment by means of its well-known immunomodulatory 
properties, may also exert an anti-viral action in MS patients. 


IFN-f therapy does not influence CD27 shedding or memory B-cell 
homing 

We investigated different mechanisms that could have been 
responsible for the selective reduction of circulating CD27* memory 
B cells observed in IFN-B-treated MS patients. 

Since it was reported that the CD27 transmembrane protein 
might be cleaved and released in a soluble form (sCD27), whose 
increased level in sera is assumed to be a marker of abnormalities in 
B-cell differentiation or activation,!®!” at first we measured by 
enzyme-linked immunosorbent assay (ELISA) sCD27 in the sera of 
MS patients longitudinally collected at TO and T1. However, no 
modification was observed (Figure 3a). 

Nonetheless, no increase of the two chemokine receptors CXCR3 
and CXCR4 (C-X-C motif chemokine 3 and 4), crucial modulators of 
B-cell homing and involved in the migration of B cells from the 
peripheral blood to lymphoid organs or inflamed tissues, respectively,!* 
was observed in circulating B cells of paired therapy-naive or 
IFN-f-treated MS patients as studied by flow cytometry (Figure 3b). 


IFN-f therapy regulates FAS-R and TACI expression on memory 
B cells of MS patients 

We next investigated whether apoptosis might occur in this cell subset, 
as it is well known that IFN-B may induce controlled cell death 
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Figure 3 Analysis of possible IFN-B-induced mechanisms mediating the 
reduction of circulating memory B cells. (a) Levels of sCD27 (sCD27) were 
analyzed by ELISA in the sera of 11 MS patients longitudinally collected 
before (70) and after 1 month of IFN-f treatment (71). Data from each 
analyzed patient and median concentration of serum sCD27 are shown. 
(b) Mean fluorescence intensity (MFI) values (including median) of the 
chemokine receptors CXCR3 and CXCR4 (C-X-C motif chemokine 3 and 4) 
in gated CD19* B cells in PBMCs of six RRMS patients, ex vivo isolated at 
TO and T1, are shown. 
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Figure 4 Induction of FAS-R and FAS-L on memory B cells of MS patients 
in response to IFN-B therapy. FACS analysis of the apoptotic markers FAS-R 
(a) and FAS-L (b) was performed in PBMCs obtained from 15 RRMS 
patients before (70) and after IFN-6 treatment (71). Mean fluorescence 
intensity (MFI) values obtained for both FAS-R and FAS-L in CD19* total B 
cells, CD19*CD27+ memory and CD19*CD27~-naive B cells are shown. 
**P<0:01;:***P<0,001. 


regulating the transcription of many IFN-inducible genes with 
proapoptotic functions.!? The apoptotic marker CD95/FAS-R and its 
ligand (FAS-L) are among the most important. 

Thus, we assumed that IFN-B therapy could mediate the initiation 
of an apoptotic process in the CD27* memory B-cell subset of MS 
patients. Our analysis by flow cytometry on PBMCs of RRMS patients 
(n=15), isolated before and after 1 month of IFN-B therapy, revealed 
that the expression of the IFN-inducible apoptotic marker FAS-R was 
significantly induced on total CD19* B cells, and, in particular, we 
observed a much higher level of this receptor on the surface of CD27* 
memory B cells with respect to that found in the CD27 -naive 
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Figure 5 IFN-B-induced increase of TACI surface expression in memory B 
cells of MS patients. (a) Coexpression of TACI and FAS-R in CD27* memory 
B cells was evaluated by FACS analysis in freshly isolated PBMCs of five 
RRMS patients sampled at baseline (70), at 71 (1 month) and 76 
(6 months) after IFN-6 therapy. Representative dot plots and cell 
frequencies are shown. (b) Levels of TAC! expression evaluated in PBMCs of 
10 RRMS at 70 and 71 in gated CD19* total, CD19*CD27* memory and 
CD19*CD27--naive B cells are depicted as scatter plots reporting all the 
obtained mean fluorescence intensity (MFI) values, together with medians. 
**P<0.01; *****P<0.00001. 


counterpart (Figure 4a). These results perfectly match the surface 
expression pattern of FAS-L (Figure 4b). 

Thus, a FAS-mediated apoptosis may occur in memory B 
lymphocytes of MS patients during IFN-6 administration and the 
coexpression of both FAS-R and FAS-L on the same cells may 
potentiate the induction of cell death in this cell population. 

Having in mind transmembrane activator and CAML interactor 
(TACT) involvement in FAS upregulation and FAS-mediated apoptosis 
of B cells,?°?! we assumed that the expression of this receptor could 
have been regulated in memory B cells of IFN-B-treated MS patients. 

Interestingly, we found that upon 1 month of IFN-f therapy, 
FAS-R'CD27* memory B cells also uniformly express TACI, the 
expression level of which further increased upon 6 months 
(Figure 5a). 
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Accordingly, an ex vivo longitudinal FACS analysis showed an 
increased TACI surface expression in CD19* total B cells at T1 as 
compared with 70, which was specific of CD27* memory B cells and 
unaffected in the CD27 -naive counterpart (Figure 5b). 


FAS-mediated apoptosis is specifically induced in memory B cells in 
response to IFN-f therapy 

To investigate the biological relevance of IFN-B-induced FAS-R/TACI 
axis on memory B cells, apoptosis was studied in CD27* memory B 
cells in two complementary ways by cytofluorimetric analysis in 
PBMCs obtained from longitudinal blood draws of MS patients 
at TO and Tl. On the one hand, we monitored directly the 
phosphatidylserine exposure by staining with Annexin-V, and on the 
other hand we measured the intracellular activation level of caspase-3, 
the last caspase induced by FAS-R triggering with a central role in the 
finalization of the apoptotic process. 

IFN-f therapy highly and specifically enhances in CD27* memory B 
cells both Annexin-V expression (Figure 6a) and_ intracellular 
caspase-3 activation (Figure 6b). The increase in the two apoptotic 
markers observed upon in vivo IFN-B treatment inversely correlated 
with the percentage of CD27* memory B cells found in the same 
treated patients (Figure 6c). Conversely, naive B-cell subset was not 
affected (data not shown). 

A set of in vitro experiments was also performed to verify whether 
the increased FAS-R expression on memory B cells of MS patients was 
also functionally active and was directly driving the in vivo observed 
IFN-B-induced apoptosis. Thus, PBMCs isolated from the peripheral 
blood of MS patients at TO and T1 were left untreated or treated with 
an anti-FAS mAb for 20h (Figure 6d). These cultures were then 
analyzed by FACS for the expression of both Annexin-V and active 
caspase-3 in gated CD27* memory B cells showing results in line 
with the data derived from the ex vivo analyzed samples. The in vivo 
IFN-f-treated cells stimulated in vitro with the anti-FAS mAb 
displayed, indeed, an increased expression of both Annexin-V and 
the active form of caspase-3 in CD27* memory B cells (Figure 6d, left 
and right panels, respectively). 


DISCUSSION 


In MS, different therapeutic strategies targeting memory B cells have 
led to significant reduction in disease activity.2*?> The basis for this 
effect appears to be independent of B-cell Ab production, but rather 
be related to a decreased production of proinflammatory cytokines or 
reduced antigen presentation by B cells, activities mediated in 
particular by the memory B-cell pool.! 

Indeed, in MS patients memory B cells were shown to respond to 
non-CNS-specific activating stimuli by expressing an exaggerated 
proinflammatory cytokine response profile.“4 Moreover, MS memory 
B cells were described as potent APC for myelin antigens including 
myelin-basic protein and myelin-oligodendrocyte glycoprotein 
eliciting CD4* T-cell proliferation and IFN-y production.”° Depletion 
of these cells by way of Rituximab resulted in diminished 
encephalitogenic T-helper type 1 and 17 proinflammatory T-cell 
activity.2+ Nonetheless, Rituximab therapy, which is also currently in 
use for EBV-associated B-cell-lymphoproliferative disorders, could 
effectively deplete EBV-infected memory B cells in the blood of MS 
patients, displaying a dysregulated EBV response.!>7°?8 

Moreover, memory B cells express high concentrations of the 
adhesion molecule very-late antigen-4, which binds to vascular-cell 
adhesion molecule-1 on endothelial cells.2? The «4-integrin 
component of very-late antigen-4 is the target of Natalizumab, another 
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drug that is able to reduce disease activity and relapse rate in patients 
with MS.*? Natalizumab decreases the expression of very-late 
antigen-4 on circulating immune cells, thereby inhibiting B- and 
T-cell entry into the CNS, which might explain its beneficial effects in 
patients with MS.?° 

In line with these observations, our study reports a novel effect for 
IFN-f therapy targeting the pathogenic memory B-cell compartment 
in MS patients. 

Although more than two decades have passed since IFN-B was 
introduced in the management of MS, it remains a valid approach 
because of its good benefit/risk profile. Its pleiotropic effects appear 
crucial for MS (an impression substantiated by recent genome-wide 
association study data>”-*3) to the point that one may hypothesize that 
we are still unable to fully exploit the therapeutic potential of this 
mediator. 

It is widely accepted that the beneficial impact of this drug may 
stem from its anti-inflammatory properties and its broad-range 
immunomodulatory activities acting on several immune cell types.’ 
Nevertheless, this pleiotropic cytokine not only possesses a wide range 
of regulatory properties critical for anti-viral immunity but also for 
impacting cell proliferation and cytoprotection.? 

Here, we showed that IFN-B therapy mediates a marked and 
specific reduction of memory B-cell frequency in the peripheral blood 
of treated MS patients. Similarly to Rituximab that induces cell 
death of CD20-bearing cells by way of different mechanisms,** 
IFN-B-triggered depletion of memory B cells was exerted by the 
induction of FAS-R-mediated caspase-3-dependent apoptosis, in 
accordance with a well-known capacity of this cytokine and other 
type I IFN family members to induce apoptotic cell death regulating 
the transcription of several IFN-regulated genes with proapoptotic 
functions.!° 

The induction of FAS-R as well as FAS-L specifically on the surface 
of circulating IFN-B-exposed memory B cells correlated with a strong 
increase of TACI expression. This receptor is a member 
of the TNF superfamily and is one of the three receptors for the 
B-cell-activating factor from the TNF family (BAFF). Upon binding to 
the BAFF receptor, BAFF induces naive B-cell survival and maturation; 
while via the B-cell maturation antigen, BAFF supports the survival of 
plasma cells in the bone marrow.*° 

Extensive work was necessary to clarify the more elusive role of 
TACI, revealing two sides of this receptor: a positive function driving 
T-cell-independent humoral immune responses*® and a negative one 
downregulating B-cell activation and expansion by triggering 
FAS-mediated B-cell apoptosis”! It is also known that an endogenous 
soluble TACI form exists in vivo and that its shedding is due to the 
proteolytic activity of the metalloproteinase ADAM10, releasing this 
receptor from the membrane of activated memory B cells.>” Soluble 
TACT levels are elevated both in the cerebrospinal fluid of MS patients 
and in the serum of individuals affected by systemic lupus erythema- 
tosus correlating with disease activity.*” 

BAFF exists in two forms, a membrane-bound and a soluble one. 
An in vitro study showed that 20 BAFF-soluble trimers associate to 
form a BAFF 60 mer.*? This structure did not activate the classical 
BAFF-R transduction, but rather it was shown to drive TACI 
signaling*°4! inducing TRAF-mediated nuclear factor-KB pathway 
and, in turn, the transcription of apoptosis-related factors.’* The 
requirement for oligomeric ligands to induce TACT signaling well fits 
with a model in which both TACI and BAFF are strongly upregulated 
as in the case of IFN-B-treated MS patients, in which we found that 
TACI expression is significantly induced in memory B cells and that 
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Figure 6 Specific triggering of FAS-mediated apoptosis in memory B cells of MS patients upon IFN-f therapy. (a, b) PBMCs were isolated from 10 MS 
patients at 70 and 71 and analyzed by flow cytometry for Annexin-V expression (a) and intracellular caspase-3 activation (b) in gated CD19*CD27* memory 
B cells. Data are shown as representative flow plots derived from one MS patient (upper panels) and mean fluorescence intensity (MFI) values obtained from 
each single analyzed patient (scatter plots, lower panels). **P<0.01. (c) Negative correlation between the IFN-f-induced reduction in CD27* memory B-cell 
percentage (calculated as fold 71/70) and the respective induction in Annexin-V expression and caspase-3 activation (calculated as fold 71/70). (d) PBMCs 
from 3 RRMS patients were longitudinally isolated before (70) and after 1 month from the beginning of IFN-f$ administration (71). Cells were then cultured 
for 20h in the presence of an anti-FAS mAb (100 ng ml~?). Representative flow plots are shown for each culturing condition reporting the percentage of 
Annexin-V* or active caspase-3* cells and the respective level of expression (MFI values) as evaluated by FACS analysis in CD19*CD27* memory B cells. 
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Table 1 Main demographic and clinical characteristics of MS patients 


Female/male (ratio) Mean age s.d. (range) 


year, median (range) 


Time since diagnosis in 


Patients with Gd+ lesions 
on MRI, n (%) 


EDSS, median (range) 


RRMS (n=35) 23/12 (1.9) 36.4+8 (22-46) 


4.8 (0.2-11) 


1 (0-2) 13 (37) 


Abbreviations: EDSS, expanded disability status scale; Gd, gadolinium; IFN, interferon; MS, multiple sclerosis; MRI, nuclear magnetic resonance imaging. 


The reported characteristics are referred to patients before the beginning of IFN-f therapy. 


BAFF is increased in both sera and peripheral blood cells as compared 
with therapy-naive patients.*>*4 

Our hypothesis is that the strong increase of soluble BAFF observed 
in IFN-B-treated MS patients may easily support the formation of 
BAFF 60-mer structures that could, in turn, bind to TACI highly 
expressed on FAS-R* memory B cells switching from the induction of 
survival signals to the IFN-$-mediated apoptotic effects specifically in 
this cell type, without affecting the survival or the maintenance of the 
long-lived plasma cell pool in the bone marrow. 

This hypothesis may also explain the failure of the “Atacicept in MS’ 
study, a phase II trial conducted to assess safety and efficacy of the 
fusion protein Atacicept in the treatment of MS.** Atacicept consists of 
a human recombinant fusion protein of the extracellular ligand- 
binding portion of the human TACI receptor linked to a recombinant 
Fe portion of human Ig.*° In the Atacicept in MS trial, the relapse rate 
of all patients receiving weekly subcutaneous injections of this drug 
doubled compared with placebo controls, leading to early termination 
of the study.*° Targeting of BAFF signal by Atacicept disrupted B-cell 
development and survival without greatly affecting B-cell counts while 
substantially reducing the serum levels of all the Ig subtypes, 
conversely to what was observed in the case of Rituximab.? A probably 
more important issue of treatment with this drug was also the type of 
B cells that might be preferentially depleted. As BAFF is also believed 
to be involved in the differentiation of a B-cell subset with regulatory 
properties, regulatory B cells (B regs),*”7 known to have immune- 
regulatory functions and to constraint T-cell-mediated autoimmune 
processes,*® BAFF targeting by Atacicept might disturb the fine-tuned 
balance of conventional and B reg in favor of the conventional—more 
pathogenic—ones, eventually resulting in increased disease activity, as 
seen in the Atacicept in MS study.*° 

This well sounds with our data showing that upon IFN- therapy, 
the decrease in the CD27* compartment correlates with a concomitant 
increase in the CD27 -naive counterpart, containing the IL-10- 
producing B-cell subset with regulatory properties,” likely as a result 
of a renewal of circulating B cells in the peripheral blood of MS 
patients (Rizzo F et al., unpublished data), as also recently showed by 
Schubert et al.>° 

Another intriguing piece of data of our work is that showing an 
increase in the expression of the EBV-encoded gene LMP2A in the 
peripheral blood cells of MS patients as compared with paired 
controls, which in turn significantly decreased the gene expression 
following IFN-B therapy. The level of the measured LMP2A transcrip- 
tion correlated with the frequency of CD27* memory B cells found in 
the same patients, indicating that IFN-B-mediated targeting of the 
memory B-cell pool may also associate with an anti-viral activity of 
this drug in RRMS patients. 

Indeed, a selective reduction of peripheral memory B cells may, in 
turn, result in a decreased migration to the CNS of pathogenic and 
also possibly EBV-infected B cells, thus affecting disease exacerbation 
and relapse rate in MS patients. 

It is worthy of note that a proportion of the analyzed patients 
(20-30%) behaved differently than the majority of patients in terms of 
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CD27* memory B-cell reduction and expression of apoptotic markers 
in response to IFN-f treatment. One might hypothesize that the 
IFN-B-induced decrement of this cell subset could predict the 
responsiveness to this therapy for each single patient. However, 
further studies and a higher number of patients are needed to clarify 
this intriguing aspect. 

Our study, therefore, makes a contribution in the new emerging 
theory of a possible usage of anti-viral therapies in autoimmune 
diseases,*! and also further characterizes the multitude of targets and 
pleiotropic effects that IFN-B§ therapy may have in the treatment of 
MS. Thus, having in mind IFN-$ well-known safety and tolerability 
profile, we believe that new schedules of administration and/or ‘smart’ 
combination therapies may be tested to reduce IFN-B-associated 
adverse events and increase efficacy. 


METHODS 
Patients 
Thirty-five patients with definite RRMS (age 36.448 years (mean+s.d.)) 
according to the revised McDonald’s criteria** were enrolled at S Andrea 
Hospital (Rome, Italy), following the standard procedures of the outpatients’ 
service of the MS Center. Patients were 66% women and 34% men, respecting 
the female-to-male ratio of MS, which in Europe varies from 1.5 to 3. Ethics 
Committee of S Andrea Hospital approved the study (CE 204/10) and all the 
subjects involved gave written informed consent. The main demographic and 
clinical characteristics of recruited patients are shown in Table 1. To be 
included in the study, patients had to be free of immunosuppressive therapies 
for at least 3 months. Magnetic resonance imaging was performed for each 
patient within 30 days from sampling. 

All the 35 enrolled patients were longitudinally studied right before (TO) and 
1 month (71), and in some cases (n=5) 6 months (T6), after the beginning of 
IFN-f treatment (recombinant IFN-$1b in the formulation of Betaferon (Bayer, 
Lerverkusen, Germany) or recombinant IFN-f1la in the formulation of Rebif 22 
or 44 (Merck, Darmstadt, Germany)). We chose to study 1 month after the 
beginning of therapy to make sure to analyze a time window in which anti- 
IFN-neutralizing Abs were not produced yet, and thus could not mask or alter 
patients’ responsiveness. 

Thirty sex- and age-matched HD (35.4+9.44 years; 20 females/10 males; 
ratio= 2) were also analyzed in some of the experiments performed. 


PBMC isolation, in vitro culture and stimulation 
Peripheral blood (40-50 ml) was collected in EDTA-coated tubes from MS 
patients and processed within 16h from sampling. 

PBMCs were obtained as described previously.’** Briefly, PBMCs were 
isolated by density gradient centrifugation using Lympholyte-H (Cedarlane, 
Hornby, ON, Canada; no. CL5020). Where indicated, PBMCs were resus- 
pended in culture medium consisting of RPMI-1640 (Lonza-BioWhittaker, 
Verviers, Belgium; no. BE12-167 F) supplemented with 10% fetal bovine serum 
(Lonza-BioWhittaker; no. DE14-801 F), in the presence of penicillin and 
streptomycin (Lonza-Biowhittaker; no. DE17-602E) and complemented with 
L-glutamine (Lonza-BioWhittaker; no. BE17-605E). 

Where indicated, PBMCs isolated from peripheral blood of MS patients 
collected at TO and T1 were stimulated for 20h with 100 ng ml! of an 
anti-FAS mAb (Euromedex, Munddsheim, France; no. 05-201). 


Flow cytometry analysis 

Approximately 5 x 10° PBMCs were aliquoted into appropriate tubes in 
phosphate-buffered saline (Lonza-BioWhittaker; no. BE17-516 F) containing 
2% fetal bovine serum, washed and stained with mAbs, as specified by the 
manufacturers and incubated at +4°C for 30 min. Following incubation, the 
cells were washed in phosphate-buffered saline and fixed in 300 pl of 
phosphate-buffered saline containing 2% formaldehyde (Prolabo, Dublin, 
Ireland; no. 20909290). Stained cells were then evaluated on a FACSCanto 
(BD Bioscience, San Jose, CA, USA) and phenotypic analysis was performed 
using Flow Jo software (Tree Star Inc., Ashland, OR, USA). 

In particular, to characterize within the lymphocyte gate the different 
sub-populations of B cells present within the peripheral blood, PBMCs were 
ex vivo isolated from MS patients at T0, Tl and T6 from the beginning of IFN-B 
therapy, and examined for the expression of specific surface markers 
characteristic of B-cell subtypes. In particular, CD19 mAb (BD Pharmingen, 
San Diego, CA, USA; no. 345790) was used to define total circulating B 
lymphocytes, whereas CD27 mAb (Beckman Coulter; no. B09983), together 
with IgD mAb (BD Pharmingen; no. 555778), allowed the discrimination 
among CD19*CD27 IgD*-naive B cells, non-switched CD19*CD27*IgD* and 
class-switched CD19*CD27*IgD~ memory B cells.!° 

In addition, to determine the respective percentage of CD3* T cells, CD14* 
monocytes and CD19* B cells, the CD19-FITC/CD3-PE/CD14-APC mix 
was used. 

To monitor the surface expression of the apoptotic markers CD95/FAS-R, 
CD178/FAS-L and TACI both in memory and naive B cells, a mix 
containing CD19-FITC, CD27-APC added to CD95-PE, CD178-PE (Miltenyi, 
Bergisch Gladbach, Germany; no. 130096456) or TACI-PE (eBiosciences, 
San Diego, CA, USA; no. 129217-42) was prepared. Furthermore, to study 
the coexpression of CD95 and TACI in memory B cells, a mix containing 
CD27-APC/CD19-FITC was added to TACI-PE and CD95-PacificBlue 
(BD Pharmingen; no. 562648). 

Similarly, mAbs directed to both C-X-C motif chemokine 3 and 4 
(BD Pharmingen; nos. 557185 and 555974) were used to monitor expression 
of the chemokine receptors on total CD19" B cells. 

To discriminate live cells from cells undergoing apoptosis, PBMCs were also 
stained for Annexin-V-FITC (Abcam, Cambridge, UK; no. AB14082), which 
has a high affinity for the membrane-associated phospholipid phosphatidylser- 
ine exposed along the apoptotic process. 

Intracellular expression of the active form of caspase-3 was also analyzed by 
flow cytometry in different B-cell subtypes. Briefly, the cells were stained 
initially for B-cell surface markers as described above, and then expression of 
active caspase-3 was evaluated by intracellular staining with an anti-active 
caspase-3 mAb (BD Pharmingen; no. 561011) by using the BD Cytofix/ 
Cytoperm Fixation/Permeabilization Kit (BD Pharmingen; no. 555028) 
according to the protocol provided. 

The different IgG1 and/or IgG2a isotype negative control Abs were added as 
needed. 


ELISA 

Sera were harvested from 10 MS patients at TO and T1 from the beginning 
of IFN-B administration and stored at — 80°C. Instant ELISA Kit for sCD27 
was purchased from Bender MedSystems (Burlingame, CA, USA; no. 
BMS286INST). The shewed values showed represent the medians + confidence 
interval of the receptor concentration detected in the sera. 


RNA purification and real-time reverse transcription-PCR 
DNase-I-treated total RNA was purified from untreated (n=50) or 
IFN-f-treated (n=35) PBMCs derived from MS patients or HD (n=30) by 
using the RNeasy Mini Kit (Qiagen Inc., Valencia, CA, USA; no. 74104). The 
quantity of the extracted RNA was evaluated by Nanodrop spectrophotometer 
(Nanodrop2000; Thermo Scientific, EuroClone, Waltham, MA, USA). 
Reverse transcription of total RNA (500 ng) was primed with oligo (dT) and 
random primers by the murine leukemia virus reverse transcriptase (Invitrogen, 
Life Technologies, Carlsbad, CA, USA; no. 28025013). The obtained cDNA was 
purified using the QIAquick PCR Purification Kit (Qiagen Inc.; no. 28106). 
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To measure EBV-encoded LMP2A expression, the PreAMP Master Mix Kit 
(Applied Biosystems, Life Technologies, Foster City, CA, USA; no. 4384266) 
was used to enrich for viral gene transcripts as described previously.!° 

Quantitative real-time reverse transcription-PCR assays for the housekeeping 
gene GAPDH and LMP2A were conducted at least in duplicate by using the 
LightCycler Fast Start DNA SYBR Green I Master Mix (Roche Diagnostics, 
Mannheim, Germany; no. 800-620-627) in the presence of 3 mm MgCl, on a 
LightCycler Instrument (Roche Diagnostics). 

Average sample values were normalized by calculating the relative quantity 
of each mRNA to that of GAPDH by using the formula 2~ 4°, where ACt 
represents the difference in cycle threshold between target and house- 
keeping mRNAs. 

The primer pairs used in this study were as described previously.!° 


Statistical analysis 

Results were expressed as median + confidence interval. Comparisons between 
HD and patients were analyzed by the Mann-Whitney U-test. The sample size 
was chosen to ensure that the margin of error was sufficiently small to have a 
confidence interval of 95%. 

Comparisons between patients at different time points of therapy were 
analyzed by the Wilcoxon's matched-pairs signed-rank test. Correlations were 
analyzed by the Spearman's rank coefficient test. In all tests, a P-value of 
<0.05 was considered statistically significant. In the figures, star scale was 
assigned as follows: *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 and 
rrreP < 0.00001. 
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Multiple sclerosis (MS) is an immune-mediated disease, the etiology of which involves both genetic and 

: environmental factors. The exact nature of the environmental factors responsible for predisposition 

: to MS remains elusive; however, it’s hypothesized that gastrointestinal microbiota might play an 

: important role in pathogenesis of MS. Therefore, this study was designed to investigate whether gut 
microbiota are altered in MS by comparing the fecal microbiota in relapsing remitting MS (RRMS) 
(n= 31) patients to that of age- and gender-matched healthy controls (n = 36). Phylotype profiles of the 

: gut microbial populations were generated using hypervariable tag sequencing of the V3-V5 region of 

: the 16S ribosomal RNA gene. Detailed fecal microbiome analyses revealed that MS patients had distinct 
microbial community profile compared to healthy controls. We observed an increased abundance of 
Psuedomonas, Mycoplana, Haemophilus, Blautia, and Dorea genera in MS patients, whereas control 
group showed increased abundance of Parabacteroides, Adlercreutzia and Prevotella genera. Thus our 
study is consistent with the hypothesis that MS patients have gut microbial dysbiosis and further study 
is needed to better understand their role in the etiopathogenesis of MS. 


Multiple sclerosis (MS) is a pro-inflammatory demyelinating disease of the central nervous system (CNS)!. 
Most MS patients (~85%) present with a relapsing-remitting MS (RRMS) disease course characterized by clearly 
defined attacks or relapses, followed by a variable degree of recovery. The etiology of MS is complex and poorly 
understood. Both genetic and environmental factors play a role”, and recent evidence suggests that gut microbi- 
ota is one of the key environmental factors. According to the “hygiene hypothesis’, reduced exposure to infections 
in childhood may increase the risk of allergic and autoimmune diseases*°. Supporting this argument, Western 
societies report an increased incidence of diseases with an autoimmune/allergic component, including MS. 
Increased constipation and fecal incontinence® and increased gut permeability’ in MS patients, and increased 
occurrence of inflammatory bowel diseases (IBD) in MS patients and their families*”, suggest an important gut- 
CNS connection. Interestingly, gut bacteria can also influence the blood brain barrier integrity’®. These studies 
implicate that gut microbiota may potentially be operational in predisposition to or modification of the disease 
course of MS. Therefore we hypothesized that RRMS patients have gut microbial dysbiosis compared to healthy 
controls. 

To test our hypothesis, we analyze the fecal microbiota composition in patients in the active or remission 
phases of RRMS and compare it to that of healthy controls. We show that RRMS patients have a distinct microbial 
community profile compared to healthy controls. 
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N 12 19 31 36 
Sex (M/F) 3/9 7/12 10/21 14/36 
Age (SD) 39.3 (10.6) 45.2 (10.2) 42.9 (10.6) 40.3 (7.3) 
Age of onset 32.6 (7.9) 37.2 (11.5) 35.4 (10.4) - 
BMI 32.7 (7.4) 26.2 (5.5) 28.0 (6.3) 27.8 (4.7) 
Disease severity = 
EDSS 

<3 7 12 19 

3-5 3 0 3 

>6 0 2 2 

ND 3 2 8 
Therapy 

IFNb 7 7 14 

Copax 0 1 1 

Tysabri 1 4 5 

None 4 7 11 


Table 1. Clinical and demographic features of MS patients and control. 


CONTROLS PATIENTS WITH CONFIRMED RRMS CONSENTED FOR MICROBIOME 
- Stool sample provided STUDY (n=59) 
(n= 36) 
(Excluded: MS, other os 
neurological disease, 
autoimmune disease...) Stool sample provided Excluded (no stool sample) 
(n= 38) (n= 21) 


Excluded (low read on microbiome) 
n=7 


Included in final analyses Excluded from final analyses 
(n= 31) (n= 28) 


a me 


— — 


Figure 1. Flowchart explaining RRMS patients and controls recruited for the study with exclusion and 
inclusion criteria. 


Results 

Gut Microbiota of RRMS Patients Differs from Healthy controls. To determine if MS is associated 
with a change in microbial diversity, fecal samples from 31 RRMS patients were sequenced (Table 1 and Fig. 1) 
and analyzed using IM_TORNEDO"!. The median sequencing length obtained was 58,272 bases (range 2,658- 
894,587). After removing singletons, these sequences were clustered into OTUs based on 97% sequence simi- 
larity. Taxonomic classification revealed a typical Western diet diversity profile comprising Firmicutes (58.6%), 
Bacteroidetes (40.4%), Proteobacteria (0.7%), Actinobacteria (0.1%), and a tail of rare bacterial phyla (0.2%) 
(Supplemental Figure $1). The overall species richness of the gut microbiota of the RRMS patients was not signif- 
icantly different from that of the healthy controls (P=0.73 for observed OTU number, Supplemental Figure S2). 
However, when RRMS patients were divided into patients with active disease and those in remission, there was a 
trend towards lower species richness in patients with active disease compared to healthy controls (P=0.1). The 
microbiota in patients in the remission phase exhibited species richness similar to the healthy controls (Fig. 2A). 
The Shannon diversity index, which considers both the species richness and evenness, also identified a similar 
decreasing trend in species richness for patients in the active disease state (P= 0.2, Fig. 2B). 

Bray-Curtis distance-based community analysis revealed that the microbiota structure differed significantly 
between RRMS patients in both remission and active state and healthy controls (P < 0.001, PERMANOVA test, 
Fig. 2C). Interestingly, the structure of the active state microbiota was also different from that of the remission 
state (P=0.05, PERMANOVA, Fig. 1D), with the remission state microbiota being more similar to that of the 
healthy controls (P= 0.06, 1000 permutations; Fig. 2D). The remission group appeared to be composed of two 
subgroups, one that was similar to the active state, and one that was similar to the healthy controls (data not 
shown). The heterogeneity of the remission group resulted in more variability in the entire RRMS group, as 
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Figure 2. Gut microbiota of MS patients differs from healthy controls. (A,B) Rarefaction curves comparing 
the species richness (observed OTU number) and overall diversity (Shannon index) between controls, 
remission RRMS and active RRMS. The microbiota of active disease has lower diversity. (C) Principal 
coordinate plot based on Bray-Curtis distance matrix. The first two coordinates are plotted with the percentage 
of variability explained indicated on the axis. Each point represents a sample with colors representing different 
states. The control samples are significantly different from MS samples. The remission phase samples show 
greater heterogeneity with subsets resembling control or active disease samples. The ellipses do not represent 
any statistical significance but rather serve a visual guide to group differences. (D) Boxplots comparing Bray- 
Curtis distances between various groups. The three horizontal lines of the box represent the first, second 
(median) and third quartiles respectively with the whisk extending to 1.5 inter-quartile range (IQR). 


well as in the remission group, compared to the control group as revealed by a distance-based homogeneity test 
(P <0.001, PERMDISP test; Fig. 2D). We did not observe any effect of treatment status, smoking, or vitamin D 
supplementation on composition of microbiota (data not shown). 


Abundance of Certain Bacteria Is Associated with RRMS. We used a conservative Wilcoxon 
rank-sum test to perform differential abundance analyses at the phylum, family, and genus levels, confining the 
analyses to the taxa with prevalence >10% and maximum proportion >0.002. At a false discovery rate of 5%, 
we identified 35 differentially abundant taxa (Fig. 3A, Table 2). Within the phylum Actinobacteria, the genera 
Adlercreutzia and Collinsella were less abundant in RRMS patients compared to controls. Among Bacteroidetes, 
Pedobacter and Flavobacterium genera showed higher abundance, whereas Parabacteroides showed lower 
abundance in MS patients compared to healthy controls. Certain Firmicutes genera such as Blautia and Dorea 
were enriched in RRMS patients, whereas others belonging to families Erysipelotrichaceae, Lachnospiraceae, 
Veillonellaceae and genera Lactobacillus and Coprobacillus showed lower abundance in RRMS patients compared 
to healthy controls. Among Proteobacteria, Pseudomonas and Mycoplana were more abundant in RRMS patients, 
whereas Haemophilus was more abundant in healthy controls (Fig. 3B). Using the relative abundance of these 
differential abundant taxa, we could separate the RRMS microbiota from the control microbiota (Fig. 3C). 
Eleven taxa (Table 2, highlighted in bold) remained significant even when stringent Bonferroni correction 
(P-value cutoff = 0.0005) was used for addressing multiple testing. Using a two log fold changes as a cut-off, we 
observed that RRMS patients showed enrichment of Pseudomonas (Proteobactreia), Pedobacter (Bacteroidetes), 
Blautia (Firmicutes), Dorea (Firmicutes), and Mycoplana (Proteobactreia); whereas healthy controls showed 
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Figure 3. Microbial signatures of the gut microbiota of MS patients. (A) Barplots comparing the abundances 
of differentially abundant taxa between MS and control. These “signature” taxa are selected by Wilcoxon rank- 
sum tests and a false discovery rate of 5%. Error bars represent standard errors. Phylum, family and genus-level 
taxa are plotted. (B) The “signature” taxa are highlighted on the phylogenetic tree (cladogram) using GraPhlAn 
with red and green color indicating increase and decreases of abundance in the MS patients. (C) Biplots based 
on principal component analysis of the abundances of the “signature” genera. The first two components are 
plotted with the percentage of variability explained indicated. Each point represents a sample. The contribution 
of each genus to the principal components is indicated by the angle and length of the blue line. (D,E) Barplots 
comparing the relative abundances of Parabacteroides and Blautia between MS and control. Each bar represents 
the relative abundance of a sample. 


enrichment of Adlercreutzia (Actinobacteria), Collinsella (Actinobacteria), Lactobacillus (Firmicutes) and 
Parabacteroides (Bacteriodetes). Figure 3D shows the abundance data from representative gut microbes increased 
in control (Parabacteroides) or RRMS patients (Blautia). Thus, these data indicate that RRMS patients had differ- 
ential abundance of certain gut microbiota compared to controls. 


Predictive Model Using RF. We next assessed the predictive power of the gut microbiota using RE, which 
predicts disease status based on an ensemble of decision trees. We used RF to build a predictive model based on 
the gut microbiota profile using the genus-level abundance data as the input. Based on 500 bootstrap samples, we 
achieved a mean classification error of 0.08, compared to 0.49 based on random guess, meaning we always pre- 
dicted the class label (RRMS status) of the test sample to be the class label of the majority class seen in the training 
set (P<2.2 x 101%, Friedman Rank Sum test, Fig. 4A). RRMS samples differ substantially in genus-level abun- 
dance from the control samples. The relative importance of each genus in the predictive model was assessed using 
mean decreasing accuracy and Gini coefficient. We used the Boruta algorithm to select significant genera, and 18 
genera were confirmed for their importance in prediction (Fig. 4B). This prediction model confirmed that certain 
genera such as Adlercreutzia, Pedobacter, Pseudomonas, Coprobacillus, Dorea, Flavobacterium, Parabacteroides, 
Mycoplana, Haemophilus, Blautia, and Collinsella were predictive of the disease state. Identification of the same 
genera in the earlier abundance analysis (Fig. 3A) indicated the robustness of both analyses. Hierarchical clus- 
tering based on the abundance profile of these confirmed genera showed that the MS samples generally clustered 
together (Fig. 4C). 

We repeated the analysis using the abundance data of 291 OTUs (Fig. 5). Even lower classification error of 0.04 
was achieved based on these bootstrap samples. The Boruta algorithm confirmed 25 OTUs, with the majority of 
them belonging to the same genera identified above (Fig. 5B,C). The new genera identified by the analysis were 
Prevotella, Clostridium, and Erwina. OTU belonging to Certain Prevotella species was observed more frequently 
in healthy controls compared to RRMS patients (Supplemental Figure $3). The high concordance between the 
results obtained from two methods indicated that the RF prediction model was a powerful tool for selecting 
microbes that were associated with the RRMS. 


Functional Analysis. We used PICRUSt to infer the functional content of the microbiota based on 
closed-reference OTU picking. Twenty COG functional categories were tested. At an FDR of 0.05, we identified 
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Pvalue | Qvalue | MS Mean | Control Mean | Log? fold change | MS prevalence | Control prevalence 
Phylum* 
Actinobacteria 4.09E-06 | 3.27E-05 | 1.32E-03 3.46E-03 —1.39 31 36 
Proteobacteria 3.60E-03 | 1.44E-02 | 5.63E-03 2.03E-02 —1.85 29 36 
Family* 
Actinobacteria; Coriobacteriaceae 2.13E-06 | 2.49E-05 | 1.22E-03 3.34E-03 —1.46 31 36 
Bacteroidetes; Flavobacteriaceae 1.76E-03 | 7.70E-03 | 2.26E-03 1.41E-05 7.33 25 14 
Bacteroidetes; Porphyromonadaceae | 4.85E-04 | 3.40E-03 | 8.60E-03 3.95E-02 —2.20 30 36 
Bacteroidetes; Sphingobacteriaceae | 6.69E-08 | 2.34E-06 | 1.03E-03 1.89E-06 9.09 21 1 
Firmicutes; Erysipelotrichaceae 6.90E-04 | 3.63E-03 | 9.77E-03 3.10E-02 —1.67 31 36 
Firmicutes; Lachnospiraceae 2.67E-03 | 1.04E-02 | 2.58E-01 1.61E-01 0.68 31 36 
Firmicutes; Lactobacillaceae 5.38E-03 | 1.71E-02 | 7.24E-04 5.30E-03 —2.87 24 33 
Firmicutes; Veillonellaceae 7.25E-04 | 3.63E-03 | 4.54E-03 1.44E-02 —1.67 31 36 
Proteobacteria; Caulobacteraceae 3.58E-04 | 3.13E-03 | 2.03E-04 1.38E-06 7.20 15 3 
Proteobacteria; Enterobacteriaceae 9.75E-03 | 2.84E-02 | 3.44E-03 1.69E-02 —2.29 27 35 
Proteobacteria; Pasteurellaceae 4.35E-03 | 1.52E-02 | 1.07E-04 3.67E-04 —1.78 6 18 
Proteobacteria; Pseudomonadaceae | 6.96E-07 | 1.22E-05 | 1.44E-03 1.51E-04 3.25 23 3 
Genus” 
Actinobacteria; Adlercreutzia 1.39E-07 | 4.16E-06 | 8.99E-05 5.16E-04 —2.52 25 34 
Actinobacteria; Collinsella 6.87E-03 | 3.17E-02 | 8.69E-04 1.87E-03 —1.11 26 30 
Actinobacteria; unclassified 1.80E-03 | 1.34E-02 | 4.57E-05 4.92E-04 —3,.43 19 24 
Bacteroidetes; Flavobacterium 1.76E-03 | 1.34E-02 | 2.26E-03 1.41E-05 7.33 25 14 
Bacteroidetes; Parabacteroides 7.25E-04 | 7.25E-03 | 8.51E-03 3.93E-02 —2.21 30 36 
Bacteroidetes; Pedobacter 6.69E-08 | 4.01E-06 | 1.03E-03 1.89E-06 9.09 21 1 
Firmicutes; Blautia 4,38E-04 | 5.25E-03 | 1.04E-01 5.03E-02 1.04 31 36 
Firmicutes; Coprobacillus 2.24E-03 | 1.34E-02 | 5.01E-03 1.38E-02 —1.46 31 36 
Firmicutes; Dorea 2.05E-03 | 1.34E-02 | 4.66E-02 2.26E-02 1.05 31 36 
Firmicutes; Lactobacillus 5.81E-03 | 2.90E-02 | 7.23E-04 5.24E-03 —2.86 24 33 
Proteobacteria; Haemophilus 4.35E-03 | 2.37E-02 | 1.07E-04 3.67E-04 —1.78 6 18 
Proteobacteria; Mycoplana 3.58E-04 | 5.25E-03 | 2.03E-04 1.38E-06 7.20 15 3 
Proteobacteria; Pseudomonas 6.96E-07 | 1.39E-05 | 1.44E-03 1.51E-04 3.25 23 3 


Table 2. Differentially abundant taxa between MS and control samples at phylum, family and genus-level. 
*-An FDR of 0.05 is used to identify these taxa. 


10 differentially abundant COGs (Fig. 6A), Supplemental Table $4). Four COG categories, including signal trans- 
duction mechanism, lipid transport and metabolism, intracellular trafficking, and defense mechanisms, exhibited 
the most significant differences (Fig. 6B), Supplemental Table S4). In contrast to the taxonomic abundance, the 
functional abundance exhibited much less variability, with fold changes ranging narrowly between 1% and 6%. 
However, even under such small effect sizes we were still able to detect differentially abundant COGs because of 
even smaller within-group variability. We also compared 104 KEGG pathways. At an FDR of 0.05, we identified 
34 differentially abundant pathways, indicating diverse change in the functions of the RRMS microbiota com- 
pared to controls (Fig. 6C). Three KEGG pathways, fatty acid biosynthesis, glycolysis, porphyrin and chlorophyll 
metabolism, and transporters survived the Bonferroni correction. 


Discussion 

The present study demonstrates that RRMS patients have a distinct fecal microbiome compared to healthy con- 
trols, with certain gut microbes showing decreased or increased abundance in RRMS patients compared to con- 
trols. The strength of our study lies in the abundance analyses, as well as utilization of prediction models to 
identify the bacterial taxa differentially expressed in the disease state. A high concordance rate between abun- 
dance and the prediction model is an added advantage of our study. Thus, our data points toward an important 
role of the gut microbiota in the RRMS patients. These results provide clear evidence that a larger independent 
replication study focusing on the identified findings will be needed in which MS phase-specific outcome analyses 
can also be conducted. 

In our study, analysis of species richness (a-diversity) showed no difference between total RRMS patients 
and healthy controls; however, RRMS patients with active disease showed decreased species richness compared 
to patients in remission and controls. Decreased species richness in RRMS patients with active disease, points 
towards an important role of gut microbiota in disease exacerbation. Future studies analyzing gut microbiota at 
various time points might help in a better understanding of the role of gut microbiota in disease exacerbation. We 
also observed a lower abundance of Bacteroidetes in RRMS patients, which is in agreement with an earlier study 
showing significant decrease in Clostridium and Bacteroidetes species in RRMS patients’”. In another exploratory 
study of 15 MS patients, certain taxa such as Fecalibacterium were decreased in MS patients compared to healthy 
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Figure 4. Predictive model based on the genus-level abundance profile using Random Forests (RF). 

(A) Comparison of the classification error of the RF trained model to guess, which always predicts the class 
label based on the majority class in the training data set. The boxplots are based on the results from 500 
bootstrap samples. The three horizontal lines of the box represent the first, second (median) and third quartiles 
respectively with the whisk extending to 1.5 inter-quartile range (IQR). RF achieves significantly lower 
classification error. (B) Predictive power of individual genera assessed by Boruta feature selection algorithm. 
Blue boxplots correspond to minimal, average and maximum Z score of shadow genera, which are shuffled 
version of real genera introduced to RF classifier and act as benchmarks to detect truly predictive genera. Red, 
yellow and green colors represent rejected, suggestive and confirmed genera by Boruta Selection. (C) Heatmap 
based on the abundance Boruta selected genera. Hierarchical clustering (Euclidean distance, complete linkage) 
shows that MS samples tend to cluster together. 


controls'*. However we observed similar abundance of Fecalibacterium between RRMS and healthy controls. A 
number of factors such as different 16s primer sets, sequencing techniques, and geographical location might be 
responsible for the difference in abundance of Fecalibacterium between two studies. 

Thus our study is in agreement with earlier reports indicating that MS patients had dysbiosis of fecal micro- 
biota in the gut. We did not observe any effect of factors such as smoking, family history, or treatment status on 
abundance of microbiota; however, we cannot rule out their effect on gut microbiota due to the small sample 
size in each group. An increased Firmicutes in RRMS with active disease cannot be attributed to obesity alone 
as a recent meta-analysis of human gut microbiota associated with IBD and obesity had shown that ratio of 
Firmicutes:Bacteroidetes is not a consistent feature distinguishing lean from obese human microbiota". 

Our study was not biased by specific pre-determined candidate strata based on a previous gut microbiome 
analyses. We nevertheless identified several organisms—including Parabacteroides and Prevotella (Bacteroidetes), 
Adlercreutzia and Collinsella (Actinobacteria), and Erysipelotrichaceae (Firmicutes)—that were decreased in 
RRMS compared to healthy controls. Interestingly, Prevotella, Parabacteroides, and Adlercreutzia are associ- 
ated with the metabolism of phytoestrogens and plant-derived xenoestrogen'>"'’, whereas Parabacterodes and 
Erysipelotrichaceae are involved in bile acid metabolism. Metabolites derived from the metabolism of phytoes- 
trogens (lignan and isoflavone) and bile acids play an important role in maintaining homeostasis at mucosal 
surfaces through the induction of anti-inflammatory responses'*. Low estrogen states such as menopause and 
the postpartum period are clearly associated with increased activity in women with MS”. Further, treatment with 
estrogens can suppress and/or protect animals from disease in an experimental model of human MS, experimen- 
tal autoimmune encephalomyelitis (EAE)?°!. When combined with the fact that RRMS patients have reduced 
levels of bacteria responsible for metabolizing phytoestrogen, this might implicate regulation of estrogen receptor 
signaling by gut microbiota and/or their metabolites in the etiopathogenesis of RRMS. 

Erysipelotrichaceae and Veillonellaceae families (Firmicutes) showed lower abundance in RRMS 
cases compared to controls. Erysipelotrichaceae plays an important role in bile acid metabolism”, which 
can induce anti-inflammatory properties”’. In one report patients with Crohn’s disease had decreased 
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Figure 5. Predictive model based on the OTU level abundance profile using Random Forests (RF). 
(A) Comparison of the classification error of the RF trained model to guess, which always predicts the class 
label based on the majority class in the training data set. The boxplots are based on the results from 500 bootstrap 
samples. The three horizontal lines of the box represent the first, second (median) and third quartile respectively 
with the whisk extending to 1.5 inter-quartile range (IQR). RF achieves significantly lower classification 

error. (B) Predictive power of individual genera assessed by Boruta feature selection algorithm. Blue boxplots 
correspond to minimal, average and maximum Z score of shadow genera, which are shuffled version of real 
genera introduced to RF classifier and act as benchmarks to detect truly predictive genera. Red, yellow and 
green colors represent rejected, suggestive and confirmed genera by Boruta Selection. (C) Heatmap based on 
the abundance Boruta selected genera. Hierarchical clustering (Euclidean distance, complete linkage) shows 
that MS samples tend to cluster together. 


levels of Erysipelotrichaceae in their fecal samples and intestinal biopsies”‘. Veillonellaceae is closely related to 
Clostridium, a beneficial commensal that has been shown to induce regulatory T cells?> 

RF OTU analysis indicated a decreased abundance of Prevotella in MS patients compared to controls. 
Decreased Prevotelila levels have been reported in diseases such as type-1-diabetes and autism”. In a separate 
study (manuscript under review) from our lab, we have observed that one of the Prevotella species- Prevotella 
histicola can suppress disease in experimental model of MS. 

Among Proteobacteria, Caulobacteraceae, Pseudomonas and Mycoplana were more abundant in MS patients, 
whereas Enterobacteriales were more abundant in the control group. Previous studies have suggested an asso- 
ciation between certain Proteobacteria and the pathogenesis of IBD?*. Two Firmicutes, Blautia and Dorea, were 
more abundant in patients with RRMS compared to controls, however they have been linked both positively” 
and negatively” with inflammatory diseases. Increased Pedobacter in microbiome samples has been attributed 
to contaminated DNA extraction kit reagents*!. Future studies on large patients’ cohort as well as metagenomics 
studies with help in defining the role of gut microbiota which are abundant in MS patients. 
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Figure 6. Functional analysis of the MS gut microbiota. PICRUSt was used to infer the functional content of 
the gut microbiota based on the 16S data. (A) Log2 fold change of the abundances of COG categories showing 
significant difference between MS and control at a false discovery rate of 5%. Red and blue colors indicate 
increase and decrease in the MS samples. (B) Boxplots comparing the abundance distribution of the top 4 
differential abundant COG categories. (C) Log2 fold change of the abundances of KEGG categories showing 
significant difference between MS and control at a false discovery rate of 5%. 


The functional analysis (PICRUSt) data demonstrated modulation of pathways involved in fatty acid metab- 
olism, defense mechanisms, and glycolysis, which further strengthens our observations from the abundance 
and RF analyses. We observed a decrease in the abundance of microbes involved in fatty acid metabolism (bile 
metabolism) and an increase of pathways involved in the defense mechanisms (induction of anti-inflammatory 
pathways by phytoestrogen and bile acids metabolites). However, the sequencing method alone does have its 
limitations, as it does not give direct data on the functionally important changes of the microbiota. 

The gut/nutrient-centric nature of human evolution suggests an important role for gut-associated microbiota 
in maintaining homeostasis and human health. Thus, a perturbation of gut microbiota can result in the depletion 
of certain microbial communities and important metabolites that can lead to impaired immune homeostasis 
resulting in predisposition to inflammatory disease such as RRMS. Decreased species richness in MS patients 
with a recent attack compared to those in remission, and modulation of microbes associated with the induction 
of anti-inflammatory pathways, highlight the importance of the gut microbiome in the etiology of MS. The abun- 
dance of microbes involved in the phytoestrogen metabolic pathway is interesting as there is increased female 
prevalence in MS patients. Based on our observations, gut microbiota may be one of the missing environmental 
factors responsible for the precipitation of disease in genetically susceptible individuals. Large studies that include 
time series of samples and methodology to study the functional changes in the intestinal microbiota are needed 
for the evaluation of the role of gut microbiota in the modulation of immune system response. 


Methods 

Standard Protocol Approvals, Registrations, and Patient Consents. The study was done in accord- 
ance with the guidelines approved by Mayo Clinic Institutional Review Board (IRB). A prior written informed 
consent was obtained from all the subjects to participate in the study. 


Patients and Samples. RRMS patients (n = 62) between 18 and 80 years of age and fulfilling McDonald 
diagnostic criteria for MS* with an expanded disability status scale (EDSS) score between 1 and 6 were recruited 
at the MS Clinic at Mayo Clinic (Rochester, MN). The demographic data for the RRMS patients and healthy con- 
trols are summarized in Table 1 and Fig. 1. We also collected data on smoking, vitamin D supplement, and treat- 
ment status. Fifty-nine patients with confirmed RRMS consented for microbiome study, 38 of whom provided 
stool samples. Seven samples were excluded due to low read on sequencing. Thirty-one samples were included 
for analysis (Fig. 1). 
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RRMS patients were defined as being in an active disease state if the stool sample was collected within a month 
of a relapse; otherwise, they were considered to be in remission. Healthy controls (n = 36) included an age- and 
sex-matched cohort with no known disease symptoms. The general exclusion criteria included prior surger- 
ies, including colectomy, ileectomy, and gastrectomy, and excluded minor procedures, such as cholecystectomy, 
hemorrhoidectomy, and appendectomy. Any patients or controls currently taking antibiotics or probiotic supple- 
ments, or having a known history of disease with an autoimmune component such as MS, rheumatoid arthritis, 
type-1-diabetes, and IBD, were also excluded from the study. 


Sample Collection, 16S Amplicon Preparation, Sequencing, and Processing. Subjects were pro- 
vided with Commode Specimen Collection kits (Fisher Scientific Inc., Pittsburgh, PA, USA) to collect stool. 
If patients were unable to give the stool sample during their stay at Mayo Clinic, then they were instructed to 
collect the sample at home and send it through overnight FedEx delivery. Samples were frozen at —70°C within 
24 hours of receipt. Microbial DNA was extracted from fecal material of each sample using the MoBio PowerSoil 
Kit (MoBio Laboratories, Carlsbad, CA, USA) as per the manufacturer’s instruction with a bead-beating step. 
Sequencing of the V3-V5 region of the 16s rRNA was performed as described previously’. The raw 16S data were 
processed by IM-TORNADO"' to form operational taxonomic units (OTUs) at 97% similarity level. 


Statistical Analyses. «-diversity (Observed OTU number and Shannon index) and §-diversity (Bray-Curtis 
and UniFrac distances) measures were calculated based on the rarefied OTU counts. PERMANOVA was used 
to test for association between disease status and the overall microbiota composition based on distance matrices 
(“adonis” function in R package “vegan”). PERMDISP2 was used to test the homogeneity of group dispersions 
(“betadisper” function in R package “vegan”). Significance was assessed by 1000 permutations. Differential abun- 
dance analysis was performed using the Wilcoxon rank-sum test at phylum, family, and genus levels. False dis- 
covery rate (FDR) control based on the Benjamini- Hochberg procedure was used to correct for multiple testing. 
Differentially abundant taxa were highlighted on the tree using the GraPhlAn software (huttenhower.sph.har- 
vard.edu/graphlan). 


Predictive Modeling using Random Forests. Random Forests (RF) was used to predict the disease 
status based on the microbiota profile (genus-level relative abundance data) using default parameters of the R 
implementation of the algorithm (R package “randomForest”). Bootstrapping (n = 500) was used to assess the 
classification accuracy. The classification performance was compared to random guess, where the class label of 
a test sample was predicted to be the label of the majority class in the training set, and significance of difference 
was assessed by a Friedman rank-sum test. The Boruta algorithm was used to select the taxa that have predictive 
power (R package “Boruta”). PICRUSt was used to predict the abundance of functional categories such as clusters 
of orthologous group (COG) categories and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways based 
on the 16S rDNA sequence data*’. All the statistical analyses were performed in R-3.0.2 (R Development Core 
Teams). 
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Advanced MRI and staging of multiple 
sclerosis lesions 


Martina Absinta'2, Pascal Sati' and Daniel S. Reich' 


Abstract | Over the past few decades, MRI-based visualization of demyelinated CNS lesions has 
become pivotal to the diagnosis and monitoring of multiple sclerosis (MS). In this Review, we 
outline current efforts to correlate imaging findings with the pathology of lesion development 
in MS, and the pitfalls that are being encountered in this research. Multimodal imaging at high 
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More than a third ofa century has elapsed since the pub- 
lication of the first in vivo MRI study of multiple sclerosis 
(MS) lesions, a period during which the identification 
of such lesions has become our single most important 
diagnostic test for MS. Remarkably, the in-depth study 
of MS lesions by means of contemporary imaging tech- 
niques continues to uncover fundamental aspects of the 
pathophysiology of the disease'. Multimodal imaging at 
high and ultra-high magnetic field strengths has yielded 
biologically relevant insights into lesion structure and 
blood-brain barrier (BBB) dynamics that are gradually 
narrowing the gap between the macroscopic view of the 
radiologist and the microscopic view of the pathologist. 
In this Review, we explore how imaging findings can 
mirror the pathological development of the demyelin- 
ated MS lesion. We describe the patterns by which gad- 
olinium leaks into the parenchyma, either centrifugally 
(outward from the central vein) or centripetally (inward 
from the lesion edge), highlighting the dynamism of the 
BBB in veins and capillaries as it responds to inflam- 
matory stimuli. The introduction of ultra-high-field 7 T 
human MRI scanners, and of MRI techniques that are 
highly sensitive to paramagnetic substances, has enabled 
visualization of prominent central veins within most 
demyelinated MS lesions, and of paramagnetic rims at 
the lesion margin in some cases. We also review progress 
in the imaging of demyelination and remyelination. 
Throughout this article, we parallel the results in 
humans with recent advances in 7T imaging of a 
primate model of MS, experimental autoimmune 


and ultra-high magnetic field strengths is yielding biologically relevant insights into the 
pathophysiology of blood-brain barrier dynamics and both active and chronic inflammation, 
as well as mechanisms of lesion healing and remyelination. Here, we parallel the results in 
humans with advances in imaging of a primate model of MS — experimental autoimmune 
encephalomyelitis (EAE) in the common marmoset — in which demyelinated lesions resemble 
their human counterparts far more closely than do EAE lesions in the rodent. This approach 
holds promise for the identification of innovative biological markers, and for next-generation 
clinical trials that will focus more on tissue protection and repair. 


encephalomyelitis (EAE) in the common marmoset. 
The demyelinated brain and spinal cord lesions resemble 
the human counterpart far better in this model than in the 
rodent EAE model’. Animal models offer the possibility to 
image at baseline and frequently after disease induction, 
thereby enabling investigation of early, subtle radiological 
changes within normal brain tissue before lesion forma- 
tion’. Another important advantage of animal models is 
that the pathology underlying the MRI findings can be 
accessed once the experiment is ended. Lesions in the mar- 
moset brain are often small, so high-resolution (<100 um 
isotropic voxels) scans of the fixed brain, performed before 
processing of the tissue for histology, can be very useful 
(FIG. 1). Customized 3D-printed tissue holders and slicers 
facilitate matching of the histopathology with MRI, which 
greatly improves the interpretability of the data*. This tech- 
nology, combined with serial MRI scanning before and 
after lesion development, can elucidate the cellular basis of 
development and repair of EAE lesions and, by extension, 
the histopathologically similar lesions in MS itself. 
Taken together, the advances described in this article 
hold considerable promise for deepening our under- 
standing of the biology of MS while opening up the 
possibility of next-generation proof-of-concept clinical 
trials mainly focused on tissue protection and repair. 


Early development of MS lesions 

Immunopathology. Breakdown of immunological toler- 
ance to CNS myelin or myelin-like antigens is generally 
accepted to be the basis of MS pathogenesis. Routes of 
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Key points 


e Recent research efforts have narrowed the gap between in vivo MRI and pathology 
with respect to multiple sclerosis (MS) lesion development and staging 

e Demyelinated lesions in marmoset experimental autoimmune encephalomyelitis 
(EAE) resemble their human counterparts far better than do lesions in rodent 
EAE models 

e Application of parallel MRI methods in MS and marmoset EAE facilitates 
interpretation of data collected in both conditions 

e The perivenular topography of inflammatory demyelinating lesions might facilitate 
the diagnostic work-up for MS 

e Smouldering lesions and meningeal inflammation are important features of chronic 
inflammation that should be targeted for in vivo imaging 


physiological immune surveillance have been recog- 
nized to be involved early in the pathogenesis of both 
MS and EAE. Peripheral lymphocytes undergo traf- 
ficking, participate in immune surveillance and inter- 
act with CNS-resident antigen-presenting cells in the 
meninges (at the blood—leptomeningeal barrier), along 
ventricular ependymal surfaces (blood-choroid plexus 
barrier), within perivascular spaces (BBB), and in cervi- 
cal lymph nodes®. Once they escape peripheral tolerance, 
autoreactive lymphocytes can be further activated and 
become hostile effectors (CD8*, CD4* T-helper 1 (T,,1), 
CD4* T,,17 and B lymphocytes)°, thereby precipitating 
demyelination and axonal injury, which are the typical 
features of MS. 

In early disease, the most dramatic immunopathologi- 
cal events leading to focal areas of demyelination — the 
‘lesion’ of MS — tend to occur at the level of the BBB in 
small or medium-size parenchymal veins, although early 
subpial cortical demyelination has also been recognized’. 
As they follow the venous vasculature, demyelinated 
MS lesions are commonly found around the ventricles 
(deep venous system, subependymal and medullary 
veins), at the grey-white matter junction (superficial 
venous system, especially cortical veins), within the 
optic nerve (branches of the central retinal vein), and 
in the brainstem (anteriorly and transversely oriented 
deep veins) and spinal cord (often posterior deep spinal 
veins). The spatial predilection and timing of a particu- 
lar vein’s involvement remain fascinating research topics. 
In general, however, the process of rapid demyelination, 
which progressively spreads from and along a promi- 
nent parenchymal vein to involve the surrounding tissue, 
directly influences the macrostructure and shape (ovoid, 
ellipsoidal, triangular or U-shaped) of MS lesions (FIG. 2). 


Human imaging. As demyelinated lesions in the brain 
and spinal cord are easy to detect on long echo-time 
MRI pulse sequences, such as T2-weighted and T2-fluid- 
attenuated inversion recovery (FLAIR) sequences, these 
techniques have been implemented in everyday clini- 
cal practice and are integral to current MS diagnostic 
criteria*’. Though recognized in pathological stud- 
ies as early as the ninteenth century”, the perivenular 
topography of MS lesion development has only recently 
been directly visualized in vivo, using high-resolution 
susceptibility-sensitive imaging at a variety of magnetic 


field strengths (see Supplementary information S1 
(video))!!"!8. The reasons for the characteristic promi- 
nence of the central vein within MS demyelinated lesions 
in comparison to surrounding brain parenchyma are still 
open to debate, and include an elevated concentration of 
deoxyhaemoglobin (higher oxygen extraction at the site 
of inflammation) and changes in vessel diameter (slower 
venous flow, postinflammatory scarring processes of the 
vein wall)!?!. 

Far from being a mere morphological feature of MS 
lesions, the ‘central vein sign’ has potential relevance for 
the diagnostic work-up’”, as it is consistently described 
as atypical in small vessel disease’*’*”** and migraine”, 
and is rarely observed in other immunological condi- 
tions associated with brain lesions (for example, vascu- 
litis and neuromyelitis optica spectrum disorder)”. 
Studies conducted in large populations will be required 
to ascertain the true positive predictive value of the 
central vein sign. 


Marmoset imaging. Various EAE immunization pro- 
tocols have been described in marmosets?”~*°, but in 
this Review we will focus primarily on disease induced 
by subcutaneous injection of human white matter 
homogenate with an adjuvant*”’, which in our hands 
produces a disease that bears strong similarities to 
relapsing-remitting MS. As in MS, MRI can detect 
demyelinated lesions that form in the CNS of marmo- 
sets with EAE*’*’. EAE lesions in the marmoset brain 
present with similar features to MS lesions, including 
distribution throughout the CNS with a preferred loca- 
tion in the subcortical white matter****°, uptake of gad- 
olinium contrast agent**’, and perivenular topography” 
(FIG. 1). Interestingly, the veins around which most of the 
lesions form are already visible on scans before disease 
induction, supporting the notion that the inflammation 
associated with EAE affects previously normal veins. 
These superficial medullary veins drain the white matter 
lesions and pass through the cortex into the subarach- 
noid space. The close relationship between these veins 
and cerebrospinal fluid within their perivascular spaces 
is likely to have an important role in lesion development. 


Before abrupt opening of the BBB 

Immunopathology. A prevalent adaptive immune 
response to myelin-like antigens triggers an aggressive, 
scavenger-type response of the innate immune system 
against CNS myelin. This response is characterized 
by a classic triad: first, dramatic opening of the BBB; 
second, blood-derived inflammatory cell (monocyte- 
macrophage) invasion; and third, macrophage-mediated 
stripping of myelin sheaths from axons**””. The tem- 
poral sequence of the earliest pathological events has 
not been completely unravelled, and remains a subject 
of active investigation in animal studies. Perivascular 
inflammatory cuffing is the most prominent patholog- 
ical feature associated with the newly forming lesion, 
and is characterized by aggregates of lymphocytes and 
monocytes confined within the perivascular space of the 
postcapillary venule and not yet breaching the glia limi- 
tans of the BBB (parenchymal basement membrane and 
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Figure 1| MRI and histology of the marmoset brain. A common marmoset housed 

at the NIH Intramural Research Program facility was studied in accordance with the 
standards of the American Association for Accreditation of Laboratory Animal Care and 
the National Institute of Neurological Disorders and Stroke’s Animal Care and Use 
Committee. a,b | Baseline 7T MRI showing a healthy brain on proton density-weighted 

(a) and T1-weighted (b) images. After MRI, the animal was immunized with 200 yg of 
fresh-frozen human white matter homogenate, and started developing white matter 
lesions soon after. c,d | These lesions are visible on follow-up proton density-weighted (c) 
and T1 weighted (d) MRI scans performed before termination of the experiment. Note that 
a central vein within the lesion (arrow) can be discerned on the proton density image (c). 
e,f| 7T postmortem 100m isotropic MRI after necropsy (e) was used to guide tissue 
processing for histology (f), allowing precise correlation between MRI and histopathology 
(arrows). Complete demyelination, as seen on Luxol fast blue staining (f), matches the 
radiological appearance of the lesion both in vivo and post mortem (c, d, e). 


astrocytic end-feet). Other notable events include vari- 
able immunoglobulin and complement deposition (the 
distinguishing feature of immunopattern II compared 
with immunopattern I)“; parenchymal microglial and 
astrocytic activation; perivascular swollen or apoptotic 
oligodendrocytes with still-intact myelin (the so-called 
prephagocytic or (p)reactive lesion)*”; and early axonal 
and synaptic dysfunction*®*™. 


Human imaging. The early pathological findings in both 
MS and EAE are consistent with the in vivo detection 
of subtle radiological changes in the normal-appearing 
white matter days to weeks before the parenchymal 
gadolinium enhancement that defines the radiological 
onset of the impending MS lesion***. These data, 
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derived mostly from quantitative or semiquantitative 
MRI studies that are pathologically nonspecific and only 
statistically significant at the group level, support the 
concept of a short-term temporal dissociation between 
the earliest immunological events in lesion develop- 
ment and the dramatic opening of the BBB (captured 
on MRI as parenchymal leakage of gadolinium) and 
subsequent demyelination. Recently, taking advantage 
of high-resolution imaging and frequent scanning, we 
have directly visualized focal alterations of MRI signal, 
on T2-FLAIR and T2*-weighted images, around the 
central vein of the future MS lesion"’. Specifically, in 
some cases, before the overt onset of the radiologically 
defined demyelinated lesion, the ‘inflamed’ central vein 
enhances in isolation, perhaps owing to higher BBB per- 
meability with entrapment of the contrast agent within 
the perivascular space’®. 


Marmoset imaging. In a study published in 2014 (REF. 3), 
we monitored the status of BBB permeability by map- 
ping the longitudinal relaxation time (“T1’) before and 
after injection of a triple dose of gadolinium-based MRI 
contrast agent. We performed weekly MRI scans, includ- 
ing T1 mapping, as well as proton density-weighted and 
T2-weighted imaging, after induction of EAE in mar- 
mosets. We showed that the BBB becomes focally and 
increasingly permeable starting approximately 4 weeks 
before lesion appearance. We also demonstrated that 
areas of abnormal BBB permeability observed at the 
time of sacrifice corresponded to inflammatory nod- 
ules without associated demyelination. Those nodules 
consisted of small clusters of perivascular and parenchy- 
mal, Ibal-positive, activated microglia and macrophages 
in association with variable numbers of perivascular 
lymphocytes. Our results suggest that early changes 
in vascular permeability, associated with perivascu- 
lar inflammatory cuffing and parenchymal microglial 
activation, might precede the formation of new lesions. 


BBB dynamics in early MS lesions 

Immunopathology. The BBB is recognized to be a highly 
organized structure, composed of endothelial cells, peri- 
cytes and astrocytic end-feet, all of which partially isolate 
the peripheral blood circulation from the CNS paren- 
chyma*’. The endothelial and parenchymal basement 
membranes, consisting of collagen IV, fibronectin and 
laminin, enclose the ‘perivascular’ space, in which — as 
stated above — normal and pathological immune sur- 
veillance takes place. In early MS lesions, autoreactive 
and activated lymphocytes directly contribute to impair- 
ment of the BBB of the postcapillary venules, charac- 
terized initially by moderately increased permeability 
and eventually by dramatic structural disruption*°*™*. 
Activated CD4* lymphocytes can secrete the cytokines 
IFN-y and tumour necrosis factor (TNF), which upreg- 
ulate endothelial adhesion molecules (VCAM1 and al 
integrin) and chemokines, thereby inducing massive 
recruitment of monocytes and allowing transendothe- 
lial migration of these cells into the perivascular space 
and, subsequently, the parenchyma. Structural disrup- 
tion of the BBB is mediated by the secretion of matrix 
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Figure 2 | Perivenular topography of demyelinated MS lesions in white and grey matter. In the newly forming MS 
lesion, the distribution of myelin-scavenging inflammatory cells, spreading along and outward from an inflamed central 
vein, largely dictates the final lesion configuration. An ellipsoidal and/or rounded configuration is typical of MS lesions 

in the white matter. Of note, the shape of MS lesions can be also affected by the macrostructure of the surrounding 
tissue. For example, both the ependymal wall of the ventricles and the cortex may act as barriers to the spread of 
myelin-scavenging inflammatory cells. Depending on the trajectory of the vein and its position relative to these structures, 
lesions might assume a triangular shape, for periventricular and leukocortical-juxtacortical lesions, or a U shape, for 
leukocortical-juxtacortical lesions. The lower panel shows the various types of cortical demyelination. In addition to 
vasculocentric demyelination, which occurs in purely intracortical and leukocortical lesions, plaque-like demyelination 
can affect the subpial layers of the cortex and is thought to be directly triggered by leptomeningeal inflammation. 


MS, multiple sclerosis; t, time point. 


metalloproteinases that can damage endothelial tight 
junctions and basement membranes, causing leakage of 
serum proteins and water (vasogenic oedema) into the 
white matter®**. Impaired breakdown of leaking fibrin- 
ogen, and its breakdown product fibrin, might also con- 
tribute to the inflammatory demyelinating cascade*”™. 
This highly inflammatory environment eventually leads 
to disorganization of the BBB’s outer shell (the astrocytic 
end-feet that comprise the glia limitans). 


Human imaging. The striking radiological appearance 
of newly forming MS lesions is commonly accepted to be 
related to leakage into the parenchyma (and, therefore, 
visualization on T1-weighted images) of intravenously 
injected contrast agents, which are usually gadolinium- 
based. This leakage reflects the short-term structural 


opening of the BBB — specifically, damage to tight 
junctions and basement membranes — that occurs at 
lesion onset. 

Dynamic contrast-enhanced MRI (DCE-MRI) at 
high magnetic field strength is a technique in which 
T1-weighted images are quickly acquired before, dur- 
ing and at various time points after gadolinium injec- 
tion. Through use of this technique, the spatiotemporal 
dynamics of BBB opening in active MS lesions can be 
dissected in vivo, thereby providing complementary 
insights to the immunopathological studies. In this 
dynamic view, in essentially all early active demyelinat- 
ing lesions, gadolinium leaks initially from the central 
vein and flows outward, filling the lesion within a few 
minutes. On static images acquired 5-10 min after con- 
trast injection — the typical situation in clinical practice 


4| ADVANCE ONLINE PUBLICATION 


www.nature.com/nrneurol 


© 2016 Macmillan Publishers Limited. All rights reserved. 


— such lesions would be characterized as having ‘nod- 
ular’ enhancement. From a dynamic point of view, this 
process has been termed centrifugal (outward) contrast 
enhancement*'. 

After a few days to a few weeks, many of the larger 
lesions exhibit a shift in the pattern of gadolinium 
enhancement. In such cases, the expanding inflamma- 
tory edge enhances first, and gadolinium then flows 
centripetally (inward) toward the demyelinated lesion 
centre’”*! (see Supplementary information $2,S3 
(videos)). When this shift occurs, the appearance of 
the lesion on static images might be either a nodule or 
a ring, depending on several factors. Especially impor- 
tant among these factors is the time elapsed between 
contrast injection and MRI acquisition, but the location 
of the lesion is also important in determining whether 
the ring is complete or open: an open ring is typically 
seen when the lesion abuts grey matter or the ventricles. 
Centrifugal enhancement clearly supports the central- 
ity of perivenular pathogenic events at lesion onset. The 
significance of centripetal enhancement is less certain, 
and we hypothesize that this feature might be part of 
the physiological — though detrimental if unrestrained 
— wound-healing inflammatory reaction of the CNS 
parenchyma to focal demyelination. 


Marmoset imaging. The dramatic opening of the 
BBB can also be visualized in active EAE lesions, 
using T1-weighted images obtained after intravenous 
injection of gadolinium-based contrast agents. Like 
MS lesions, active EAE lesions usually display nodu- 
lar enhancement on static postcontrast T1-weighted 
images. To our knowledge, open-ring enhancement 
has not been reported in marmoset EAE. The spatio- 
temporal dynamics of the gadolinium leakage in 
active EAE lesions have not yet been fully character- 
ized, mainly due to the limitations imposed by the 
smaller dimensions of EAE lesions and the higher 
cardiac output of marmosets compared with humans. 
Nonetheless, a recent quantitative MRI study has pro- 
vided some insights into the dynamics of BBB leakage 
over the span of a few weeks’. Following a gradual 
increase in permeability that occurs early in lesion 
development, the BBB reaches its maximum perme- 
ability once the lesion becomes visible on all types of 
images (T1-weighted, T2-weighted, T2*-weighted and 
proton density-weighted, as well as T2-FLAIR). After 
the lesion appears, the permeability of the BBB gradu- 
ally decreases back to near-normal levels, signifying a 
restored BBB, in approximately 2-4 weeks’. 


Macrophage-mediated demyelination 
Immunopathology. Stripping of myelin from axons 
and phagocytosis of myelin debris are mediated by 
blood-derived macrophages and activated CNS- 
resident microglia, which together constitute the preva- 
lent cellular population within the active demyelinating 
lesion****-*°. These cell types are difficult to distinguish 
even at the tissue level (although progress has recently 
been made on this front®), and here we will use the term 
‘macrophage’ for simplicity. 
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The proinflammatory status of macrophages prob- 
ably contributes to further tissue damage via free radi- 
cal formation and secretion of proteases and cytokines, 
including IFN-y and TNF. Macrophages track the 
spatiotemporal pattern of BBB opening and demyeli- 
nation described above. Thus, they initially distribute 
throughout the lesion, starting from the centre, and they 
subsequently become more concentrated at the lesion 
margin (so-called ‘late active’ lesions). Interestingly, the 
efficiency by which macrophages clear myelin debris 
seems to decrease with age”. In addition, in an attempt 
to limit amplification of oxidative stress and mitochon- 
drial energy failure during early lesion development, an 
excess of free iron, probably released from oligodendro- 
cytes during the process of demyelination and/or medi- 
ated by endothelial transferrin receptor upregulation, 
is buffered, mainly by macrophages and astrocytes*”. 
Persistently demyelinated axons are more prone to 
degenerate in an inflammatory environment’’”, which 
might explain the varying degrees of axonal injury and 
loss that coexist with demyelination in MS lesions. 


Human imaging. A persistent issue in imaging of MS 
lesions in vivo is related to the fact that inflammation, 
demyelination and axonal loss within lesions are not 
cleanly distinguishable on T2-weighted and T1-weighted 
images. This lack of specificity has prompted a number 
of attempts to develop MRI approaches that are more 
pathologically interpretable, such as quantification of the 
short T2 component in multi-echo T2 relaxation experi- 
ments, which seems to correlate with water selectively 
enclosed between myelin bilayers (so-called ‘myelin 
water imaging’)”*-”*. 

Complementary work on the spatiotemporal dynam- 
ics of the BBB has shown that the front of demyelination 
and inflammation can be captured by coupling DCE- 
MRI with susceptibility-based MRI at 7 T (REF. 17). These 
experiments have shown that in centripetally enhancing 
lesions, the initial opening of the BBB at the lesion edge 
clearly colocalizes with a paramagnetic rim on phase 
images — a novel endogenous marker of inflammation” 
(see Supplementary information S2 (video) and FIG. 3). 
Other investigations showed that on 3T phase images, 
visualization of phase MRI changes was better overall in 
young lesions in early disease than in older lesions*»””-”. 
Pathological features of the younger lesions that might 
explain this observation include more-prominent demy- 
elination in comparison to axonal loss, and high inflam- 
matory activity with attendant paramagnetic substances, 
such as free radicals and iron. 


Marmoset imaging. By combining serial conventional 
imaging and histopathology, we have demonstrated 
that <l-week-old EAE lesions surround a central 
inflamed blood vessel that is cuffed with T cells and 
macrophages’. Perivascular B cells and blood-derived 
MRP14* early activated macrophages are also observed, 
albeit less frequently than T cells and MRP14 macro- 
phages, and macrophage-microglia-associated demy- 
elination and disrupted axons are seen throughout the 
lesion. Lesions 1-5 weeks old continue to enlarge, and 
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Figure 3 | MS lesions with paramagnetic rims. An untreated 49-year-old woman with progressive MS and radiological 
relapses underwent serial MRI evaluations at 7 T under an institutional review board-approved natural history protocol at 
the NIH. Lesion A is a pre-existing, nonenhancing lesion with a paramagnetic rim visible on both T2*-weighted magnitude 


and phase images. Lesion B, a new centripetally enhancing MS lesion (open ring on postcontrast T1-weighted images; 
Supplementary information S2 (video)), appears adjacent to lesion A at month 6. Both lesions exhibit a central vein on 
T2*-weighted magnitude and phase images. In lesion B, the peripheral T2*-weighted magnitude and phase rim persists 
after resolution of contrast enhancement (1 and 6 months after lesion onset). Of note, lesion B shrinks over time after 
enhancement resolves, whereas lesion A nearly triples in size, even in the absence of visible contrast enhancement on 
postcontrast T1-weighted images. By month 12, the persistent T2*-weighted magnitude and phase rims in both lesions 
have become darker and thicker, suggesting accrual of paramagnetic substances at the lesion edge. Pathologically, the 
rim possibly results from macrophages loaded with iron, and lesions with this radiological feature might, therefore, 
correspond to the so-called ‘chronic active’ or ‘smouldering’ lesions. MS, multiple sclerosis. 


active demyelination is observed at the lesion edges. 
Interestingly, early activated macrophages are only found 
at the leading edge of demyelination’. 

Conventional MRI lacks specificity toward tissue 
pathology in EAE lesions, as in MS lesions, and inflam- 
mation, demyelination and axonal loss cannot be dif- 
ferentiated in vivo*'. In one study, quantitative MRI 
findings correlated with macrophage infiltration, but 
demyelination was a potential confounder’’. Recently, 
an advanced MRI technique, based on complex analysis 
of the T2* decay curve, was used for in vivo detection of 
the myelin water content in white matter of healthy mar- 
mosets’’. However, the application of this technique to 
track demyelination and remyelination remains chal- 
lenging, as T2* decay curves can be strongly affected by 
oedema in the extracellular space, iron accumulation in 
macrophages, and the orientation of white matter tracts 
relative to the magnetic field of the MRI system. To 
date, a paramagnetic rim on phase images has not been 
observed in marmoset EAE lesions, and whether this is 
due to lack of sensitivity of the applied MRI techniques 
or to biological differences remains uncertain. 


Lesion evolution after BBB restoration 

Immunopathology. The processes of BBB closure and 
resolution of inflammation are recognized as potential 
sources of new therapeutic targets in MS, but the under- 
lying mechanisms have not been completely unravelled. 
An emerging idea is that inflammation in MS, while 
clearly driving demyelination and tissue destruction, 
can also trigger healing, albeit dysregulated and, hence, 
either incomplete or ineffective. In this context, an 
analogy has been drawn between extra-CNS wound 
healing and the process of repair within MS lesions™. 
The initiation of healing seems to reside in the extreme 
plasticity of macrophages, the functional phenotypes 
of which run the gamut from destructive (‘classically 
activated’) to restorative (‘alternatively activated’) in the 
face of environmental stimuli that may vary over time. 
In the realm of remyelination®'*’, recent data indicate 
that in early lesions, classically activated macrophages 
(sometimes called ‘proinflammatory’ macrophages) can 
induce the recruitment of oligodendrocyte precursors, 
whereas alternative (‘anti-inflammatory’) activation 
is required for differentiation of these precursor cells 
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into myelinating oligodendrocytes”. Remyelination 
remains the subject of extensive investigations that are 
outside the scope of this Review**®”. 


Human imaging. After the resolution of gadolinium 
enhancement, usually 2-8 weeks following its emergence, 
MS lesions are radiologically defined as ‘chronic. The 
lesions remain clearly visible on both T2-weighted and 
T1-weighted images, and the extent of T1 hypointensity 
seems to correlate with axonal degeneration in the white 
matter”*!, Unfortunately, as discussed above, clinical 
MRI sequences are unable to directly image remyelina- 
tion. After oedema resolves, typically 1-3 months after 
lesion onset, tracking of longitudinal signal intensity on 
T1-weighted, T2-weighted, proton density-weighted 
and magnetization transfer-weighted sequences, as well 
as through lesion volume measurement, remains the 
established strategy to assess short-term lesion repair”. 


Marmoset imaging. The subacute EAE lesions described 
above show a decrease in BBB permeability in their core 
area over approximately 4 weeks’. By 5 weeks, the lesions 
display markedly reduced BBB permeability and inflam- 
mation, and the macrophages disappear. These lesions 
are still visible on MRI but become smaller over time 
— a finding that is consistent not only with a reduction 
in inflammation but also with potential repair, includ- 
ing remyelination. As most marmoset experiments end 
within weeks to months of lesion development, the nat- 
ural history and pathology of chronic lesions has not 
been extensively studied, and is an enticing topic for 
future research. 


Smouldering inflammation 

Immunopathology. On histological sections, chronic 
lesions appear hypocellular and demyelinated, with a 
varying degree of axonal loss. However, an inflammatory 
infiltrate, wherein macrophages and activated microglia 
contain early or late myelin degradation products, char- 
acterizes the margins of a variable percentage (20-40%) 
of demyelinated lesions (variously termed ‘chronic active, 
‘slowly expanding, or ‘smouldering’)******. On the 
basis of autopsy studies, this lesion category is especially 
common in people at the transition to clinically pro- 
gressive disease and those with long disease duration, 
supporting the notion that these lesions contribute to 
long-term and clinically important tissue damage®”*”. 


Human imaging. Chronic inflammation is trapped 
behind an intact BBB and, hence, remains invisible to 
current gadolinium-based MRI. Through the use of high- 
resolution, noncontrast, susceptibility-based imaging, a 
paramagnetic rim has recently been detected at the margin 
of some nonenhancing MS lesions. Initial MRI-pathology 
investigations suggested that this radiological finding 
might aid identification of chronic active/smouldering 
lesions in vivo. Steady accumulation of macrophages 
at the lesion edge, in association with paramagnetic 
inflammatory species related to free radical production 
and/or intracellular iron accumulation, might explain the 
paramagnetic signal observed in vivo!®!778?*! (FIG. 3). 
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In the context of early lesion evolution, the subset 
of centripetally enhancing lesions with a phase rim 
that persists after the closure of the BBB tend to exhibit 
poor lesion recovery in terms of lesion volume and T1 
hypointensity at year 1, suggesting impairment of early 
repair and/or permanent tissue injury’ (FIG. 3). If con- 
firmed, this feature will constitute a valuable imaging 
biomarker, not only to better stage MS lesions in vivo, 
but also to uncover specific components of MS-related 
hidden inflammation. Similarly, peripheral macrophages 
experimentally labelled with ultrasmall superpara- 
magnetic iron oxide particles (USPIO) have been tracked 
at the edges of demyelinated lesions with an apparently 
intact BBB (that is, lesions with no observable leakage 
of traditional gadolinium-based contrast agents)!°"'™. 
A direct comparison between USPIO-based and 
susceptibility-based imaging is currently lacking. 


Marmoset imaging. Bert ‘tt Hart and colleagues applied 
conventional imaging (T2-weighted and T1-weighted 
with gadolinium injection) to a group of marmosets 
reaching the chronic stage of EAE disease*'. Among the 
chronic lesions, late active demyelinating lesions (with 
macrophages containing myelin proteolipid protein 
degradation products located at the edge) were observed 
together with inactive demyelinated and remyelinated 
lesions, as confirmed using histopathology*'. However, 
the MRI scans performed in this study could not differ- 
entiate these chronic active lesions from their inactive 
counterparts. USPIO-based MRI, which has been suc- 
cessful in detecting infiltrated macrophages in rodent 
EAE?°*-'°7, could prove useful for identifying chronic 
active lesions in marmoset EAE. Another approach 
would be to perform serial susceptibility-based imag- 
ing to detect phase rims in those chronic lesions. These 
strategies represent exciting targets for future research. 


Caveat 

Four different initial immunological patterns are 
associated with acute myelin damage and BBB open- 
ing, supporting the idea that MS is a collection of dif- 
ferent pathophysiological entities**'*'. What has 
been described in this Review — the staging of white 
matter MS lesions and its MRI correlates — probably 
refers to immunological patterns I and II (myelin- 
autoimmune hypothesis), which together are the most 
common types of active MS lesions*’. No imaging cor- 
relate has yet been shown to definitively identify lesions 
with immunological pattern III, in which the prime 
mover is thought to be toxic and/or hypoxic injury to 
mature oligodendrocytes. 


Cortical and leptomeningeal involvement 

Immunopathology. Cortical and leptomeningeal 
involvement has recently been recognized as a key 
feature in MS pathogenesis (early disease with clin- 
ical relapses and remission)”' and related neuro- 
degeneration (thought to be largely responsible for 
clinical progression)'''. Like the white matter, the 
cortex can display demyelination, but with much less 
pronounced inflammation and, importantly, without 
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abrupt opening of the BBB”"’*"'*. Remyelination may 
be enhanced within the cortex in comparison with the 
white matter*!5. 

Topographically, cortical lesions develop along the 
pial surface (‘subpial lesions’) or around cortical venules 
that drain into the subarachnoid space (small intra- 
cortical and leukocortical demyelinated lesions)''*"'® 
(FIG. 2). This topography supports the hypothesis 
that leptomeningeal inflammation, involving effec- 
tor lymphocytes, cytotoxic diffusible mediators and 
immunoglobulins, is strictly related to cortical lesion 
development via direct damage of the subpial layers 
of the cortex and/or inflammation spreading into the 
parenchyma’. Subpial cortical demyelination has been 
characterized as specific to MS-related pathological 
processes'’”. Of note, aggregates of lymphocytes resem- 
bling lymphoid follicles have been recognized in the 
leptomeninges in patients with progressive MS, and 
have been judged to reflect an extreme form of com- 
partmentalized, long-lasting inflammation”''*"7. The 
interplay among leptomeningeal inflammation, cortical 
demyelination and neurodegeneration, as well as more 
generally between tissue damage in white and grey 
matter, is still under investigation'!!!*!. 


Human imaging. Cortical lesions have been reported 
in vivo at all stages of MS (though more frequently in 
progressive MS), but subsequent autopsy findings 
indicate that their numbers are profoundly under- 
estimated on MRI’”*!"8, Of note, cortical lesions do 
not enhance after gadolinium administration, which at 
present precludes their staging in vivo. Double inversion 
recovery’”’, phase-sensitive inversion recovery’, and 


high-resolution T2*-weighted’*"” and magnetization- 
transfer-weighted sequences’! can detect some of 
these lesions, especially those with transcortical involve- 
ment and/or demyelination of the underlying white 
matter (‘leukocortical lesions’). Subpial demyelination 
(affecting only the superficial cortical layers) and small 
intracortical lesions have been visualized more reliably 
on high-resolution postmortem images (FIG. 4), but are 
only sporadically reported in vivo”. Cortical demy- 
elination shows positive correlations with disability 
and cognitive impairment scores, thereby underlining 
the clinical importance of improved detection of this 
feature'*!!>"', Together with periventricular, infra- 
tentorial, spinal cord and optic nerve lesions, cortical/ 
juxtacortical lesions contribute to the recently proposed 
revised ‘dissemination in space’ MRI criteria for the 
diagnosis of MS’. 

With respect to leptomeningeal inflammation, a 
recent study, in which in vivo and postmortem MRI find- 
ings were correlated with pathology, reported the prev- 
alence of subarachnoid-space abnormalities in a cohort 
of ~300 people with MS on both 3 T and 7T postcontrast 
T2-FLAIR images”. Spatially confined disruption of the 
blood-leptomeningeal barrier, manifesting as foci of 
gadolinium enhancement, was identified in ~35% 
of individuals with progressive MS and ~25% of all 
patients studied (FIG. 4). The presence of leptomeningeal 
enhancement correlated with whole-brain and cortical 
atrophy”. In autopsy cases, these foci colocalized with 
perivascular inflammatory infiltrates — specifically, 
lymphocytes and macrophages clustered around lepto- 
meningeal vessels and along intracortical perivascular 
spaces — and adjacent subpial cortical demyelination™. 


Figure 4 | Cortical and leptomeningeal involvement. a| 7T postmortem MRI (two representative coronal slices of the 
left hemisphere, T2*-weighted gradient-echo sequence, 64 nl isotropic voxels) in a 66-year-old woman with progressive 
multiple sclerosis and disease duration (time from symptom onset to death) of 20 years. The arrows indicate widespread 
involvement of the cortex in the demyelination process, including subpial cortical and leukocortical lesions. Cortical 
lesions often face each other across sulci, consistent with the idea that leptomeningeal inflammation has a direct 
pathogenic role in cortical lesion development. b | Several foci of leptomeningeal contrast enhancement (arrows) were 
apparent in this patient on postcontrast 3 T MRI in vivo. 
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Marmoset imaging. Demyelinated cortical lesions sim- 
ilar to those in MS (leukocortical, intracortical and sub- 
pial) are known to affect the marmoset EAE brain, as 
shown in several histopathological studies'*’*. Clusters 
of T lymphocytes and plasma cells have recently been 
observed in the meninges overlying subpial cortical 
demyelination”, suggesting that local meningeal lym- 
phocytic and plasma cell infiltration also contributes to 
the pathogenesis of subpial demyelination in marmo- 
set EAE. However, in vivo MRI visualization of cortical 
demyelination and meningeal inflammation has not yet 
been reported in this animal model. 


Conclusions 

In this Review, we have summarized recent research 
efforts to narrow the gap between pathology and imag- 
ing in MS lesion development and staging. We have 
also presented parallel efforts in marmoset EAE, an 
animal model bearing strong immunological, patho- 
logical and radiological similarities to MS. In marmoset 
EAE, the pathological basis of developing and repair- 
ing lesions can be investigated using a combination 
of serial in vivo MRI imaging and histology, and the 
results of these investigations have strong relevance for 
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our understanding of similar processes in MS. Some 
observations from human imaging, such as open-ring 
enhancement, phase rims, meningeal enhancement and 
cortical lesions, have not been consistently reported in 
marmoset EAE, and certain observations from marmo- 
set imaging, such as consistently increased permeability 
of the BBB in the weeks preceding focal demyelination, 
have not been described in humans. These differences 
may be attributable in large part to technical factors, but 
biology could also contribute. 

The parallels reviewed here suggest that the combi- 
nation of human MS and marmoset EAE research is a 
promising pathway to achieve a deeper understanding 
of the pathobiology of BBB dynamics, chronic inflam- 
mation, and mechanisms of repair and remyelination, 
together with the development of new MRI techniques 
to detect and monitor their evolution in vivo. The ability 
to image both marmosets and humans at the same field 
strength (7 T) enables ready investigation and transla- 
tion of new MRI markers from bench to bedside, and 
vice versa. Finally, this unique approach holds prom- 
ise for the identification of novel biological targets and 
next-generation clinical trials that will focus on tissue 
protection and repair — a major unmet need in MS. 
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fluid and brain interstitial fluid) 
of the central nervous 
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From blood-brain barrier to blood— 
brain interface: new opportunities 
for CNS drug delivery 


William A. Banks 


CNS therapeutics. 


Developing therapeutics for brain diseases is a major 
challenge, and a particularly formidable aspect of 
that challenge is the blood-brain barrier (BBB). Named 
early in the twentieth century for its ability to prevent the 
uncontrolled leakage of substances from the blood into 
the brain, the BBB has emerged as a complex, dynamic, 
adaptable interface that controls the exchange of sub- 
stances between the central nervous system (CNS) and 
the blood (BOX 1). The cells that make up the structure 
of the BBB (FIG. 1) communicate with the other cells of 
the CNS, adapting their behaviour to serve the needs 
of the CNS, responding to pathological conditions, and 
in some cases participating in the onset, maintenance or 
progression of disease. On the one hand, this complexity 
in barrier function explains much of the difficulty in 
developing drugs that can cross the BBB, but on the 
other hand it offers unique and diverse opportunities 
for drug development. 

Here, I review the work in five areas from the past 
30 years that has the potential to transform approaches 
to CNS drug delivery, first considering new work and 
some of the novel approaches it presents, and then con- 
sidering how this work modifies classical approaches. 
Although there have been advances in BBB research in 
other areas, those selected for discussion in this Review 
are considered to have most relevance to drug devel- 
opment. I then consider specific diseases in which the 
BBB itself is an active player and how the BBB can be 
targeted therapeutically. Finally, I discuss future direc- 
tions for CNS drug delivery that combine new and 
classical approaches. 


Abstract | One of the biggest challenges in the development of therapeutics for central nervous 
system (CNS) disorders is achieving sufficient blood-brain barrier (BBB) penetration. Research in 
the past few decades has revealed that the BBB is not only a substantial barrier for drug delivery 
to the CNS but also a complex, dynamic interface that adapts to the needs of the CNS, responds 
to physiological changes, and is affected by and can even promote disease. This complexity 
confounds simple strategies for drug delivery to the CNS, but provides a wealth of opportunities 
and approaches for drug development. Here, | review some of the most important areas that 
have recently redefined the BBB and discuss how they can be applied to the development of 


From ‘barrier’ to ‘interface’ 

The past 30 years have seen a great deal of research 
on the BBB and the fields related to it. This work has 
expanded our understanding of how the BBB func- 
tions, how it interacts with its environment, how it can 
be affected by disease, and how it can predispose to or 
even cause disease. Some of the work has come from 
an expansion of traditional areas of BBB research, but 
much more comes from integration with fields that, 
30 years ago, would have been thought to have little or 
no connection with the BBB. This work can be catego- 
rized into the following five areas: the neurovascular unit 
(NVU), transporters, barrier cell secretions, polarization, 
and adaptations and modifications of BBB functions. 
As discussed below, these advances suggest new strategies 
for CNS drug delivery and ways to improve on traditional 
CNS drug delivery approaches, and also demonstrate 
several diseases in which the BBB itself should be the 
therapeutic target. 


The neurovascular unit. The anatomical locations of 
barrier functions in the CNS are complex. The vas- 
cular BBB, the spinal cord barrier and the barriers 
of the cranial nerves are formed by endothelial cells, 
and the blood-cerebrospinal fluid (CSF) barrier at the 
choroid plexus by modified epithelial (ependymal) cells'. 
Circumventricular organs — small regions of the brain 
with vasculature that does not form a tight BBB — are 
separated from the rest of the brain by a barrier formed 
by tanycytes and from the adjacent CSF by ependymal 
cells. The blood-retinal barrier consists of an inner 
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Box 1| The first 100 years of BBB research 


Experimental evidence for a barrier to the movement of solutes from blood into the 
tissue bed of the central nervous system (CNS) dates back to the 1880s. The most widely 
known experiments are those of Paul Ehrlich, who demonstrated that many dyes did 
not stain the CNS after their peripheral injection. The dyes bound tightly to albumin, 
leaving almost no unbound dye available for passage into the CNS. These studies, 
therefore, demonstrated the impermeability of the blood-brain barrier (BBB) to large 
circulating proteins. By contrast, studies from the 1920s to 1940s showed that 
cerebrospinal fluid (CSF) levels of glucose and inorganic compounds, including 
electrolytes, mirrored the levels found in blood’®”°. These CSF/serum ratios differed 
among substances and were altered in disease. Thus, the barrier phenomenon was 
not absolute, but somehow differentiated among substances and responded to 
pathophysiological conditions. 

By the late 1950s, one basis of differentiation among substances was well established: 
the BBB often behaved like a lipid membrane’”’. Small, lipid-soluble substances could 
readily enter the CNS, whereas more water-soluble drugs, those that were highly 
charged, or those that bound tightly to serum proteins could not. However, many 
researchers doubted whether a physical barrier existed or could otherwise explain 
the many complex phenomena attributed to the barrier’”, until the late 1960s. 
Then, ultrastructural studies showed that the capillary bed of the brain possessed 
tight junctions between brain endothelial cells (BECs) as well as a virtual absence 
of macropinocytotic vesicles and intracellular fenestrae’”*. Tight junctions were 
also found at the choroid plexus, thus explaining the presence of the blood—CSF 
barrier. These studies showed that at least two parallel barriers existed: 

a blood-CSF barrier located at the choroid plexus, and a vascular BBB located 
at the arteriole—capillary—-venule level. 

Transporters provided another mechanism by which the barrier could differentiate 
among substances, explaining how glucose, electrolytes, vitamins and some peptides 
and regulatory proteins can cross the barrier at rates that are 10-100 times faster than 
those predicted by the lipid membrane model. 

In summary, the first 100 years of study of the BBB (1880s-1980s), established 
some central, somewhat paradoxical features of the BBB. The next 30 years would 
see barrier research explode, adding many new aspects to the understanding of the 


barrier phenomenon. 


Neurovascular unit 

(NVU). For the purposes of this 
Review, this refers to the 
concept that the cells forming 
the BBB are in communication 
with other cells of the central 
nervous system (CNS) and, by 
extension, with the circulating 
immune cells, and with the 
peripheral tissues via 
blood-borne secretions. 


Transporters 

Proteins that provide a 
mechanism by which 
substances can be carried from 
one side of the blood—brain 
barrier (BBB) to the other, 

thus greatly increasing 

(for blood-to-brain transporters) 
or greatly decreasing (for 
brain-to-blood transporters) 
the central nervous system 
(CNS) uptake of a substance in 
comparison with that predicted 
based on its physicochemical 
characteristics. 


barrier of endothelial cells and an outer barrier involving 
the retinal pigment epithelium. Many of these barriers 
have been poorly studied, but it is clear that each of the 
barriers is adapted to the special needs of the tissues it 
serves, responds to disease states, has intercellular tight 
junctions as a central feature to its barrier function, and 
directly interacts with the cells in its microenvironment. 
The vascular BBB is the best studied regarding this 
last phenomenon of intercellular interactions: the brain 
endothelial cells (BECs) and the cells with which they 
interact are collectively referred to as the NVU (AG. 2). The 
concept of the NVU emphasizes that BECs are in intimate 
and constant crosstalk with astrocytes, microglia, neurons, 
mast cells and pericytes, as well as circulating immune 
cells’. This communication helps refine the functions 
of the BBB to serve the needs of the brain and facilitates 
brain-body communication. The astrocytes and pericytes 
in particular are responsible for enabling the capillary bed 
to adopt and maintain barrier characteristics**. 
Neuroimmune modulators are clearly involved in 
NVU-BBB crosstalk®. Release of cytokines and other 
immunoactive substances from astrocytes, microglia, 
leukocytes and even the BECs themselves modify a host 
of BBB functions, altering BBB integrity, BBB transport- 
ers, and the permeability of the BBB to pathogens and 
circulating immune cells. Increasingly elaborate exam- 
ples of NVU communications are being elucidated. 


For example, in mouse models of Alzheimer disease, 
astrocyte-derived apolipoprotein E (APOE) modulates 
a peptidyl-prolyl cis-trans isomerase A (PPlase A; also 
known as cyclophilin A)-matrix metalloproteinase 
(MMP) pathway in pericytes, activation of which results 
in BBB disruption®. As discussed below, this and other 
NVU interactions offer unique therapeutic targets in 
Alzheimer disease, diabetes and other conditions. 


Transporters. Although transporters are a classical char- 
acteristic of the BBB, so much has been learned about 
them during the past 30 years as to redefine them for 
the purposes of CNS drug delivery. The presence of BBB 
transporters explains how water-soluble molecules such 
as glucose and amino acids that are needed in abundance 
by the CNS can cross the BBB at rates that are 10-100 
times faster than would be predicted from their physico- 
chemical characteristics’. Transporters also mediate the 
CNS uptake of large molecules such as regulatory pro- 
teins, which cannot cross the BBB by transendothelial 
diffusion’. The presence of CNS-to-blood transport 
(efflux) systems explains why many substances enter 
or accumulate in the CNS at rates lower than would be 
predicted based on their physicochemical characteris- 
tics. Active transport refers to an energy-requiring system 
and can transport a substance against its concentration 
gradient, whereas facilitated diffusion does not require 
energy and transports its ligands down a concentration 
gradient, from higher to lower concentrations. 


Blood-to-brain transporters. Transporters exist for a 
surprising array of molecules, including cytokines’ and 
oligonucleotide analogues'®. Phosphorothioate oligo- 
nucleotides are rapidly sequestered by and transported 
across the BBB. The transporter seems promiscuous 
towards phosphorothioate oligonucleotides, as it has been 
shown to transport into the brain every phosphorothioate 
oligonucleotide tested so far. The transporter, when com- 
bined with the highly favourable pharmacokinetics of 
phosphorothioate oligonucleotides, enables the delivery 
of these molecules to the brain in therapeutically effective 
amounts. These molecules have shown therapeutic bene- 
fits in animal models of multiple sclerosis’, Alzheimer 
disease!®'!3 and stroke!. For example, peripheral 
administration of an antisense oligonucleotide directed 
against amyloid precursor protein decreased levels of 
amyloid-B,, (AB,,), AB,, and amyloid precursor protein 
in the brain, improved cognitive deficits, decreased oxi- 
dative stress, restored deficits in the brain-to-blood efflux 
of Af and in bulk flow, normalized brain levels of low- 
density lipoprotein receptor-related protein 1 (LRP1), 
and reduced neuroinflammatory markers in animal 
models of Alzheimer disease’*!*"*. 

The existence of saturable transporters and their 
unique characteristics offer substantial untapped poten- 
tial for drug development. The endogenous ligands of 
transporters are seldom useful as therapeutics because 
of their unfavourable pharmacokinetic properties. Brain- 
derived neurotrophic factor, for example, crosses the BBB 
rapidly’”'’, but its short half-life in blood limits its CNS 
effects. One strategy is to develop drug analogues of 
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Figure 1| Proportions of the blood-brain barrier. Schematic with dimensions of 
the vascular blood-brain barrier (BBB), including the capillary lumen and walls, and the 
basement membrane, relatively scaled. Note the albumin molecules with a diameter 
of 7nm. Other components of the neurovascular unit are indicated, but not scaled. 


Polarization 

A characteristic of the 
blood-brain barrier (BBB), 
arising from different 
characteristics of its abluminal 
and luminal surfaces, including 
differing levels of enzymes, 
glycoproteins, lipid composition 
and transporters. 


Active transport 
Transport by an energy- 
requiring transporter that 
can move its ligand against 
a concentration gradient. 


Facilitated diffusion 
Transport by a non-energy- 
requiring transporter that 
moves it ligand down a 
concentration gradient. 


Adsorptive transcytosis 
A mechanism by which 
glycoproteins or highly 
chargedmolecules bind to 
brain endothelial cell (BEC) 
glycoproteins, inducing 
vesicles that are routed to 
the opposite membrane. 


endogenous ligands that can use the BBB transporters 
to enter the CNS. However, this does not seem to have 
been a widely exploited strategy, and few CNS drugs are 
known to use transporters to cross the BBB. Examples 
include: L-dopa, melphalan, baclofen, thyroid hormones 
and gabapentin, which use transporters for neutral amino 
acids; valproic acid, which probably uses a monocarboxy- 
late transporter; and acetylcholinesterase inhibitors, 
verapamil, levofloxacin and cephaloridine, which use an 
organic cation-carnitine transporter. A major challenge 
is to develop analogues that are resistant to the enzymatic 
and clearance mechanisms of the ligand but are still able 
to bind with high affinity to the ligand’s BBB transporter 
and CNS receptors. 

A therapeutic antagonist effect can be induced by 
blocking a substance from accessing its BBB transporter, 
thus preventing it from reaching the CNS. Classic exam- 
ples are the manipulation of amino acid uptake into the 
brain by the large neutral amino acid (LNAA) trans- 
porter. LNAAs have many roles in the brain, including 
acting as precursors for monoamines and neurotoxic 
substances. By inhibiting the uptake of one LNAA 
with another LNAA or a subclass of LNAAs, one can 
affect brain function and disease responses”. An exam- 
ple is maple syrup urine disease, a condition in which 
an excess of branched chain amino acids (BCAAs) 
are taken up into the brain by the LNAA transporter, 
resulting in neurotoxic effects. Raising blood levels 
of other LNAAs competitively inhibits the transport of 
BCAAs into the brain by the LNAA transporter, thus 
lowering brain levels of BCAAs and reducing neurotox- 
icity. A similar strategy has been suggested for phenyl- 
ketonuria, a condition in which an excess of the LNAA 
phenylalanine produces neurotoxicity. Blockade of the 
LNAA transporter with BCAAs has been attempted 
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to reduce brain levels of tyrosine in individuals with 
bipolar disorder, to reduce brain phenylalanine levels 
in tardive dyskinesia, and to lower brain levels of gluta- 
mate in amyotrophic lateral sclerosis”. Another exam- 
ple is the use of a pegylated leptin analogue that does 
not cross the BBB but binds to the BBB leptin trans- 
porter, thus blocking the blood-to-brain transport of 
endogenous leptin’. This results in increased feeding, 
which suggests that this analogue could be useful in the 
treatment of anorexia. 

Approaches using the ligands of transporters to 
deliver therapeutic cargoes have been under develop- 
ment for 30 years, and have been previously reviewed”. 
In this case, the ligand is not the therapeutic, but is used 
as a vehicle to deliver an attached therapeutic. Although 
increased BBB permeation is the main objective of this 
approach, it is likely that the pharmacokinetics of the 
drug, especially its half-life, are also improved”. One 
version of this approach that has gained much interest is 
to develop an antibody targeted to a region of the trans- 
porter protein that is not directly involved in binding to 
the endogenous ligand. In this way, it is hoped that the 
delivery system will not interfere with the transport of 
the endogenous ligand into the CNS. 

Some pathogens gain access to the CNS using a 
similar strategy of binding to a transporter or receptor 
at a non-ligand-binding site. For example, the West 
Nile virus targets Toll-like receptor 3 (TLR3)”*, whereas 
herpes varicella zoster virus and cell-free HIV-1 target 
the mannose-6-phosphate receptor (M6PR)™”*. This 
observation has prompted the idea that the strategies 
used by pathogens to cross the BBB might be adaptable 
to drug delivery*®. The cellular machinery involved in 
the internalization of antibodies and pathogens that 
have bound to a site not used by the endogenous ligand 
is likely to be related to mechanisms underlying adsorp- 
tive endocytosis and adsorptive transcytosis (AE/AT) 
rather than to the transporter. A low-affinity binding 
antibody specific for the BEC transferrin receptor has 
recently been used to target AB production in an animal 
model of Alzheimer disease””’. Recent evidence suggests 
that immunoglobulin G (IgG) antibodies that have only 
one antigen-binding arm rather than the typical two 
may be internalized using a transporter rather than via 
adsorptive endocytic machinery”. 

A drug crossing the BBB by transendothelial diffu- 
sion will enter all regions of the brain to a similar degree, 
thus producing off-target effects in the case of pluripo- 
tent drugs. The heterogeneous distribution of many of 
the transporters for biologics offers a strategy to selec- 
tively deliver a drug to a targeted region of the brain. 
Tumour necrosis factor (TNF), for example, is primarily 
transported into the hypothalamus and occipital cortex”, 
whereas the interleukin-1 (IL-1) transporter is highly 
concentrated at the posterior division of the septum”. 
By using a transporter that targets a specific brain region 
and thus the function of this region, such as a trans- 
porter with enriched expression in the hypothalamus 
for a feeding effect or a hippocampal transporter for a 
memory effect, the specificity of a drug can be increased 
and its side effects decreased. 
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Figure 2 | The neurovascular unit and brain endothelial cell secretions. The ability of brain endothelial cells (BECs) to 
receive, transfer and transmit signals makes the blood-brain barrier (BBB) an information conduit between the central 
nervous system (CNS) and periphery. As shown on the left, leptin transport across the BBB is modulated by blood levels of 
adrenaline, insulin, glucose and triglycerides. Astrocyte control of immune cell trafficking is influenced by leptin and 
microglia, and astrocytes affect nitric oxide (NO) release from BECs by secreting tumour necrosis factor (TNF). The middle 
region of the figure shows that lipopolysaccharide (LPS) enhances HIV transport across the BBB — a process that is 
intensified by pericytes — by inducing the release of granulocyte-macrophage colony-stimulating factor (GM-CSF) and 
interleukin-6 (IL-6) from BECs; GM-CSF and IL-6 act at the luminal surface of the BEC in an autocrine fashion. HIV induces 
the release of endothelin-1 from BECs; cerebrospinal fluid (CSF) levels of endothelin-1 correlate with AIDS-related 
cognitive impairment. The region on the right shows that cytokines, gastrointestinal hormones, viruses and LPS induce the 
release of substances from BECs that can enter the brain or blood; for example, IL-1 induces the release of prostaglandins 


from BECs, thus inducing fever. 


Brain-to-blood transporters. Efflux transporters can 
dramatically decrease brain uptake or retention of their 
substrates just as influx transporters can dramatically 
increase uptake and retention. Efflux transporters have 
been discovered for nearly every substance class, includ- 
ing ions, amino acids, peptides and cytokines. Many 
BBB transporters, including the glucose transporter 
GLUT1, are facilitated diffusion systems and therefore 
bidirectional by nature, moving substances down a con- 
centration gradient from a region of higher to lower 
concentration. Defective efflux transporters can con- 
tribute to disease, as illustrated by the decreased 
brain-to-blood transport of AB peptide. Such efflux 
ordinarily helps to control brain levels of AB, and loss 
of efflux contributes to an increasing amyloid burden 
in the brain. Efflux transporters can also prevent exog- 
enous substances such as plant alkaloids from entering 
the CNS. Morphine, for example, is a weak substrate for 
P-glycoprotein (P-gp). P-gp has a broad range of ligands 
and is a major cause of the inability of many potential 
therapeutics to enter the brain”. 

Inhibition of efflux transporters is exemplified by the 
inhibition of P-gp in the treatment of seizures with vera- 
pamil*’. However, given that so many endogenous and 
exogenous compounds are ligands for this transporter, 
long-term inhibition of P-gp would probably result 
in neurotoxicity and may not, therefore, be feasible. 


Inhibition of more targeted efflux systems, however, can 
improve therapeutic effects. For example, following inhi- 
bition of the efflux transporter for pituitary adenylate 
cyclase-activating polypeptide 27 (PACAP27), a neuro- 
protective peptide, using an oligophosphorothioate 
capable of being taken up by the BBB, brain retention of 
peripherally administered PACAP27 increased by about 
fourfold and therapeutic outcomes improved in models 
of stroke and Alzheimer disease". 


Barrier cell secretions. The discussion above on the NVU 
emphasizes that secretions from astrocytes, microglia, 
neurons, pericytes and circulating immune cells have the 
ability to influence the behaviour of the BBB. However, 
the BECs and ependymal cells that form the BBB also 
secrete substances, making communication between 
the BBB and the other cells of the NVU bidirectional. 
The characteristics of secretion by barrier cells are sim- 
ilar to those of many other cells in that some secretions 
are constitutive and others are induced. Many of these 
secreted substances relate to inflammation, such as 
prostaglandins, nitric oxide and cytokines***. 

Some effects of these secretions are mediated in 
an autocrine fashion; that is, the BEC modifies its own 
behaviour through its secretions*”. For example, activa- 
tion of the innate immune system induces the release 
of granulocyte-macrophage colony-stimulating factor 
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(GM-CSF) and IL-6 from BECs, which then act on the 
luminal surface of the BECs to enhance the transport of 
cell-free HIV-1 across the BBB’. This suggests that blood- 
borne antagonists of GM-CSF and IL-6 could retard 
HIV-1 entry into the brain and thereby help to reduce the 
neurological complications associated with HIV/AIDS. 
Other effects of barrier secretions are mediated indirectly, 
and are dependent on crosstalk with the other members 
of the NVU*”. 


Polarization. The cells that form the BBB are polarized 
in that they have an abluminal surface that faces towards 
the CNS and a luminal surface that faces towards the 
blood. Like all cell membranes, those of the barrier cells 
are lipid bilayers with an inner leaflet in contact with 
the cytoplasm and an outer leaflet in contact with the 
interstitial fluid. The ubiquitous tight junctions between 
cells act like fences, impeding the exchange of lipids and 
proteins between the luminal and the abluminal outer 
leaflets***'. Thus, the lipids and proteins that constitute 
the leaflets and, by extension, the functions of those leaf- 
lets differ between the luminal side and the abluminal 
side of the BBB. 

This polarization increases the complexity of the BBB 
and its utility to the CNS. The most obvious example 
is that of transporters: with an ability to restrict trans- 
porters to the luminal or abluminal side, unidirectional 
blood-to-brain or brain-to-blood transport is possible. 

Secretions can also be polarized. For example, one 
in vitro study found that BECs secreted IL-6, GM-CSF 
and TNF from both the luminal and abluminal mem- 
branes, but secretions from the luminal membrane were 
much greater than those from the abluminal mem- 
brane”. Polarized secretion can also support a form 
of communication across the BBB, linking the CNS 
and peripheral tissues via the BBB”. Thus, an immune 
activator on one side of the BBB can induce the release 
of an immune substance from the other side, thereby 
forming a unique axis of communication between the 
peripheral and CNS immune systems. This provides 
a theoretical therapeutic approach in that a stimulus 
acting at the luminal side of the BBB could induce it to 
secrete a desired substance from its abluminal side or, by 
contrast, a luminal substance could act to block a con- 
stitutive abluminal secretion. As an example, peripheral 
administration of lipopolysaccharide (LPS) induces a 
biphasic fever by inducing BECs to release prostaglandin 
E2 (REF. 43). As LPS does not cross the BBB”, this means 
that it is acting on the luminal surface of the BBB to 
induce the release of prostaglandin E2 from the ablumi- 
nal surface. As another example, indomethacin, which 
poorly penetrates the BBB because of protein binding”, 
probably blocks the early phase of fever by acting on the 
luminal side of the BBB, thus decreasing secretion of 
prostaglandin E2 from the abluminal side*. 


Adaptations and modifications of BBB functions. The 
functions of the BBB are not static; rather, they adapt to 
the needs of the CNS throughout life and in response 
to disease. Both blood-to-brain and brain-to-blood 
transporters can rapidly adapt to physiological changes 
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or be affected by (and contribute to) disease states. 
Transporters seem to change much earlier, more rapidly, 
and in response to a larger number of conditions than 
do other features of the BBB, such as barrier integrity 
or transendothelial diffusion. Some of the most dra- 
matic examples of BBB adaptation to the needs of the 
CNS occur during brain development and matura- 
tion”. Such adaptations in transport activity are physio- 
logically necessary so that the BBB can respond to the 
changing needs of the CNS. Altered transport can also 
be the result of disease, a cause of disease, or a sustaining 
element of disease. 

BBB adaptations can be key elements in an organism's 
responses to physiological challenges. The rate at which 
the anorectic leptin is transported across the BBB“, for 
example, is greatly reduced during starvation, while 
transport of the orexigenic peptide ghrelin is increased”. 
By increasing the signals that promote feeding and 
decreasing those that suppress feeding, the BBB is acting 
to encourage changes in behaviour that are appropriate to 
starvation. Furthermore, the effects on the ghrelin and 
leptin transporters are mediated in part by serum tri- 
glycerides. Triglyceride levels are increased in blood as 
they are mobilized from fat as the main energy source in 
starvation. By inducing changes in the BBB transport rate 
of feeding hormones, hypertriglyceridemia is signalling 
the state of starvation to the brain. 

BBB alterations are also seen after insults to the CNS. 
Spinal cord injuries alter the transport rates of molecules 
with neuroinflammatory and neurotrophic properties, 
such as TNF, PACAP and leukaemia inhibitory fac- 
tor®’, whereas stroke upregulates transport of TNF* 
and PACAP™. Inflammation increases the rate at which 
immune cells and pathogens such as HIV-1 can cross 
the BBB, and it can modulate many transport systems, 
including P-gp**. 

Some of these adaptations by the BBB are mediated 
by molecular signals coming from the CNS or periph- 
eral tissues via the blood. Many molecules have been 
identified that can modulate transporter function and 
therefore could be the agents by which physiological 
states and diseases alter transporters. The effects of 
triglycerides released from adipose tissue on the trans- 
port of feeding hormones have been discussed above. 
Other examples include the ability of arginine vasopres- 
sin, insulin and amylin to alter the transport of amino 
acids across the BBB, and the ability of endothelin-1 to 
decrease — and of TNF to increase — P-gp activity at 
the BBB. 

Four mechanisms have been elucidated by which 
molecules can alter BBB transporters. The first mech- 
anism involves the molecule acting as an allosteric 
regulator of the transporter, as exemplified by the actions 
of aluminium and leucine on the BBB efflux transporter 
peptide transport system 1 (PTS-1). The second mech- 
anism involves the activation of cellular mechanisms 
that alter the expression of the transporter, as exempli- 
fied by LPS, endothelin-1 and TNF altering P-gp func- 
tion through nuclear factor-xkB (NF-«B)***°. The third 
mechanism involves stimulating the release of another 
substance, as exemplified by LPS enhancing HIV-1 
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Passive diffusion 

The mechanism by which 

a substance crosses the 
blood-brain barrier (BBB) by 
non-saturable means, with the 
degree of passage depending 
on the physicochemical 
characteristics of the 
substance. 


Extracellular pathways 
Areas such as the pial surface 
and subarachnoid space that 
are deficient in a blood—brain 
barrier (BBB) and thus 

allow small amounts of 
blood-borne substances, 
including albumin and 
immunoglobulins, to access 
the brain primarily through 
the Virchow—Robin spaces. 


transport through the release of IL-6 and GM-CSF”. 
The fourth mechanism is competitive inhibition, and 
is exemplified by verapamil increasing brain uptake of 
peptides, colchicine, and vinblastine; in this case, verapa- 
mil competes with these substances for brain-to-blood 
efflux by P-gp***’. 

The adaptive mechanisms and their manipulation 
provide opportunities for drug development. Examples 
of therapeutic manipulation of transporters include 
increasing the delivery of leptin and lysosomal enzymes 
to the brain with adrenergic receptor modulators. 
Defective transport of leptin across the BBB is an early 
form of leptin resistance in obesity. a-adrenergic recep- 
tor modulators can increase the rate of leptin transport 
by two- to threefold, and this may be one mechanism by 
which drugs with activity at a-adrenergic receptors are 
associated with weight loss**. The CNS manifestations of 
lysosomal storage diseases respond to enzyme replace- 
ment therapy during the neonatal period” because 
MOPR is active, but not during adulthood when M6PR 
activity at the BBB is abated. Treatment with adrena- 
line restores M6PR activity levels to those of the neo- 
nate and offers a strategy for treating these diseases in 
adults®. Drugs that block P-gp (such as verapamil)” or 
alter its expression’ have been proposed as therapeutic 
approaches; the use of anti-seizure drugs that are not 
P-gp ligands®, such as valproic acid, might also provide 
a therapeutic strategy. Manipulation of serum trigly- 
ceride levels could shift the BBB transport of feeding 
hormones away from the starvation pattern; one study 
found that gemfibrozil, a drug that selectively lowers 
triglycerides, induces weight loss®. Efflux transporters 
can also be manipulated, allowing increased entry of 
drugs that would otherwise be excluded. For example, 
the activities of P-gp and LRP1 can be modulated by 
endothelin 1, TNE, vitamin D and drugs that increase 
nitric oxide levels™. 

The ability to adapt provides a mechanism by which 
the BBB can fine-tune its service to the CNS. However, 
adaptive mechanisms can also be misdirected, leading to 
or supporting disease states. For example, triglycerides 
are elevated in starvation, but they are also elevated in 
obesity. Whereas triglycerides have an adaptive effect on 
the transport of feeding hormones in starvation, they 
have a maladaptive effect in obesity and may underpin 
the inability of peripherally administered hormones to 
effectively treat obesity®. Seizures can increase P-gp 
activity and, because almost every anti-seizure drug is 
a weak P-gp ligand, they can reduce the ability of these 
drugs to reach the brain®. Increased P-gp activity may 
explain why patients with status epilepticus and Lennox- 
Gastaut syndrome are refractory to anti-seizure medi- 
cations®*’. Alterations in transporter activities caused 
by diseases complicate drug delivery and development, 
suggesting that, when possible, drug development is best 
carried out using animal models of the disease of interest. 


Classical CNS drug delivery revisited 

The work reviewed above is influencing the more 
established approaches to drug development. The best 
understood mechanisms by which substances cross the 


BBB are passive diffusion (also known as transendothelial 
diffusion) and the saturable processes of facilitated dif- 
fusion and active transport. Extracellular pathways and 
adsorptive transcytosis, mechanisms of entry that were 
not originally well differentiated from BBB disruption, 
are increasingly being investigated. Although many fac- 
tors determine the degree to which a substance crosses 
the BBB, these factors largely fall into nine catego- 
ries®, as outlined below. Interactions among these nine 
mechanisms, especially in light of the new information 
reviewed above, make the development of CNS drugs 
complicated, but also offer interesting and unexpected 
opportunities (TABLE 1). 


Passive diffusion. Passive diffusion is the non-saturable 
mechanism by which most small molecules in the 
pharmacopoeia enter the brain. Unlike uptake by most 
cells, which requires penetration of only the cell mem- 
brane, passage across the BBB requires that the entire 
cell be traversed. The degree to which a substance can 
undergo such transendothelial diffusion is largely dictated 
by its pharmacokinetic characteristics. The most impor- 
tant of these physicochemical characteristics are lipid 
solubility, hydrogen bonding and molecular mass”. 
For a substance to reach its site of action in the CNS, 
it must partition from the lipid environment of the cell 
membranes that form the BBB back into the aqueous 
environment of brain interstitial fluid and/or CSF. Drugs 
that are extremely lipid soluble become sequestered in 
the peripheral and barrier cell membranes, reducing their 
ability to access brain interstitial fluid. As measured by 
the octanol/water partition coefficient, the ideal ratio 
for brain extraction is between 10:1 and 100:1. Charge 
influences partitioning between aqueous and lipid envi- 
ronments; because CSF tends to be slightly more acidic 
than plasma, uptake of weak bases is slightly favoured 
and weak acids are somewhat more excluded from CSF”. 
Charge also influences some of the other eight catego- 
ries that determine the extent to which a drug can cross 
the BBB, especially those related to transporters, protein 
binding, and adsorptive transcytosis. 

The relationships between BBB permeability and 
physicochemical characteristics can be predicted with 
greatest accuracy for small molecules, but similar 
— albeit modified — rules exist at least for small bio- 
logics, such as peptides””’. For example, BBB permea- 
bility will be influenced by secondary structure — for 
instance, folding to ‘hide’ charges, thereby making the 
peptide more lipophilic than the primary structure 
would predict”. Cyclization greatly increases the lipid 
solubility of peptides, but often makes them substrates 
for brain-to-blood efflux systems so that net uptake by 
the brain is often decreased”. Halogenation, the addi- 
tion of lipid peptide or non-peptide co-drugs and sig- 
nal peptides, and substitution of amino acids with less 
charged amino acids have all been shown to increase 
the BBB penetration of peptides. Despite the powerful 
influences of physicochemical characteristics on BBB 
penetration, the influence of the other eight categories 
limits the exclusive use of theoretical or in silico models 
in predicting drug action. 
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Cerebral blood flow. Substances can be broadly catego- 
rized as those that are flow dependent and those that 
are flow independent. Flow dependence occurs when 
a substance is extracted from the circulation so rapidly 
(either because of transendothelial diffusion or because 
of robust saturable transport) that the concentration 
at the venous end of the capillary is significantly lower 
than at the arterial end. For these substances, increasing 
blood flow increases the amount of drug presented to the 
BBB and thereby the amount of drug entering the brain. 
Glucose is flow dependent and so a brain region has to 
meet increased metabolic demands by increasing blood 
flow. Flow dependence is a theoretical disadvantage for 
drug delivery as blood flow, and thus the amount of drug 
delivered to a brain region, will depend on the metabolic 
activity of the brain region rather than on its therapeutic 
need. By contrast, the delivery rate of a flow-independent 
drug is the same regardless of the metabolic state of 
viable brain tissue. Such mismatches between therapeu- 
tic levels and blood flow would be particularly acute after 
ischaemic events and may underlie some of the toxicity 
associated with tissue-type plasminogen activator (tPA) 
in the treatment of stroke, as discussed below. 


Degradation. The peripheral tissues, blood, CNS and the 
cells comprising the BBB can all be significant sources 
of drug degradation. Degradation by peripheral tissues 
and blood affect the pharmacokinetics of clearance 
before the drug can penetrate the BBB, and degradation 
within the CNS limits residence time at the site of action. 
Degradation at the barrier tissues can create an enzymatic 
barrier that can be a substantial reason for a substance not 
being taken up by the CNS, as exemplified by the mono- 
amines and encephalins”*”’. The BBB acts as an enzymatic 
barrier to the monoamines adrenaline, noradrenaline and 
dopamine, in both the blood-to-brain and brain-to-blood 
directions, using the enzymes monoamine oxidase and 
catechol-O-methyltransferase”’. Drug penetration of 
the BBB and neurotoxicity can be influenced by these 
enzymes as illustrated by the 1-methyl-4-phenyl- 
1,2,3,6-tetrahydropyridines: the species differences in the 
ability of this drug to cause Parkinson disease seems to 
be caused by differences in the expression of monoamine 
oxidase”. In perhaps the earliest example of the existence 
of the NVU, these enzymes are induced at the BBB by the 
adjacent neural tissues”. In a similar fashion, the enzyme 
4-aminobutyrate aminotransferase creates a barrier to 
GABA (y-aminobutyric acid) permeation™. In the case of 
encephalins, inhibition of enzymes or the use of enzymat- 
ically resistant analogues indicates that uptake is reduced 
to about one-quarter by the enzymatic barrier”. 


Pharmacokinetics of the substance. A substance cannot 
cross the BBB unless it can be presented to the BBB, and 
that presentation is largely dictated by the pharmaco- 
kinetic characteristics of the substance. Regardless of their 
peripheral route of administration (intradermal, intra- 
peritoneal, intramuscular or intravenous), most drugs 
must enter the blood before they can enter the brain (other 
routes, such as retrograde nerve transmission, account for 
little of the uptake of most therapeutics). A substance with 
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a large volume of distribution or a short half-life in blood 
will have a lower concentration and less residence time 
in blood, thus decreasing its presentation to the luminal 
surface of the vascular BBB, than a substance with the 
opposite characteristics. Many biologics, including pep- 
tides and regulatory proteins, have very short half-lives, 
creating a pharmacokinetic ‘barrier’ to CNS penetration. 
Extending the half-life of a substance, for example, can 
proportionately increase BBB penetration by increas- 
ing its residence time in blood and thus prolonging its 
presentation to the BBB**”, 


Binding in blood. Asa general rule, only unbound or free 
material is available for crossing the BBB via transendo- 
thelial diffusion. Transporters are able to access bound 
materials if the affinity of the substance for the trans- 
porter greatly exceeds that of the binder. Many substances 
are weakly bound to proteins such as albumin, and this 
fraction of the substance is usually available to transport- 
ers, but not for passive diffusion. Thus, the ‘biologically 
available’ fraction includes both unbound material and 
material that is ‘weakly’ bound, with ‘weakly’ defined rel- 
ative to the affinity of the transporter. Plasma and serum 
proteins constitute the traditional binders in blood, but 
some evidence shows that cells can also act as binders*™. 

Protein binding, however, can have the paradoxical 
effect of increasing BBB penetration. This can occur 
because protein binding can greatly alter the peripheral 
pharmacokinetics of a drug, increasing its half-life and 
reducing its volume of distribution. Thus, as recently 
illustrated for IL-2 (REF. 85), protein binding can have a 
complex effect on brain uptake, slowing the rate of BBB 
penetration but increasing the time and concentration of 
drug exposure to the BBB. For compounds with extremely 
long half-lives, the extracellular pathways can become 
relevant for drug delivery*. 


Extracellular pathways. The extracellular pathways, or 
functional leaks, are a group of anatomically defined 
areas that enable small amounts of circulating substances 
to access the CNS. They include the large vessels of the 
pial surface and subarachnoid space, some of the inter- 
faces of certain circumventricular organs, the sensory 
ganglia of spinal and cranial nerves, and the nucleus 
tractus solitarius®”. They are a route by which substances 
can reach the Virchow-Robin spaces, and hence partici- 
pate in the glymphatic pathway, and are thought to be a 
major contributor to CNS levels of albumin. 

The amounts of material entering the brain via the 
extracellular pathways are small, as exemplified by albu- 
min with its CSF/serum ratio of about 0.005. However, 
it has been suggested that substances with long circu- 
lating half-lives, small volumes of distribution (that is, 
largely confined to the vascular space) and potent CNS 
effects can use the extracellular pathways as a therapeutic 
route®, Antibodies, erythropoietin, and modified lysoso- 
mal enzymes are thought to enter the BBB-intact CNS by 
these routes. 

Antibodies with the potential to cross the BBB are 
increasingly being developed as therapeutics. The mech- 
anisms by which antibodies or antibody analogues cross 
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Table 1 | Strategies for improved delivery of therapeutics to the brain* 


Strategy 


Improve peripheral 
pharmacokinetics 


Improve lipophilicity and/or 
hydrogen bonding of small 
peptides 


Use mechanism of adsorptive 
transcytosis 


Develop non-flow-dependent 
drugs 


Target BBB transporters (influx) 


Develop analogues of the 
endogenous ligands of 
transporters 


Develop Trojan Horse’ carrier 
molecules 


Induce antagonist or other 
therapeutic effect by blocking 
influx of endogenous ligand 


Initiate exploration for 
unknown transporters 


Target BBB transporters (efflux) 


Improve BBB drug 
penetration and CNS 
retention by inhibiting efflux 
of a drug with competitive 
inhibitors, small molecules, 
regulators or BBB-penetrating 
antisense oligonucleotides 


BBB as a therapeutic target 


Protection from or reversal 
of BBB disruption 


Modulation with small 
molecules and/or allosteric 
regulators 


Rationale 


Prolonged presentation to BBB increases 
opportunity to cross the BBB; very long 
circulation times in blood can allow the 
use of extracellular pathways 


Passive diffusion and transendothelial 
diffusion can occur for peptides 
<500Da 


Glycoprotein-glycoprotein interactions 
can induce vesicular BBB transport; 

can also induce with highly charged 
small molecules (for example, 
polylysines) and other molecules 
(pluronics; fatty acids) 


Drug delivery is independent of 
variations in cerebral blood flow 


Transporter already targeted to 
desired brain region 


Variety of approaches; could result 
in a universal carrier 


Influx blocker not required to cross the 
BBB; blocker does not have to bind to or 
be active at CNS receptor 


Literature suggests that most BBB 
transporters are not yet discovered; 
many transporters were discovered 
serendipitously, with the proteins 
and genes unknown 


Many potential drugs are efflux 
ligands and so they cannot 
accumulate in the brain 


Many diseases involve BBB 
disruption 


Rate of the transporter can be 
regulated by small molecules; usually 
does not require a small molecule to 
cross BBB; enhancers and inhibitors 
are available 


Challenges 


Complex, difficult to predict in silico 


Penetration rates are low, so need 
potent peptide analogues; increases 
uptake by peripheral tissues and so 
net effect on brain uptake may not 
be improved; structural changes can 
reduce affinity for CNS receptor; 
can become substrate for BBB 

efflux systems 


Difficult to predict or control 
intracellular vesicular trafficking; 
some glycoproteins and small 
highly charged molecules can be 
very toxic 


Often a trade-off of lower uptake 
by the brain 


Analogue must remain a ligand 
for aCNS receptor as well as a 
BBB transporter 


Difficult to predict reaction of 
BECs (can induce adsorptive 
endocytosis pathways) 


Little is known about BBB 
transporters or their binding sites, 
making rational development 
difficult 


Multi-disciplinary, coordinated 
effort is required; difficult to 
develop a universal strategy 


The efflux transporters involved 

for the drug must be known; must 
have the drug to inhibit efflux; often 
more than one efflux system is 
involved in the efflux of a drug; efflux 
transporters often have multiple 
ligands so that inhibition can affect 
many drugs and endogenous 
substances 


Disruption mechanisms are complex 
with few defined targets 


Structures of most BBB transporters 
and their allosteric binding sites 
are unknown 


Examples 


Lysosomal enzymes”; 
leptin analogues®!; G-CSF 
peglyation’?; antibodies® 


Modify secondary structure 
to ‘hide’ charges’*; decrease 
hydrogen bonding” 


Enhanced delivery 

with pluronics and 
glycosylation’*"”; delivery 

of lysosomal enzymes with 
charged molecules (takes 
advantage of the tendency of 
adsorptive transcytosis to route 
to lysosomes)’”°; adaptation 

of mechanisms used by 
CNS-invading pathogens” 


Most biologics are not 
flow dependent 


APC1 


Antibody carrier designed 
using pharmacokinetic 
principles?”?® 


Block CNS uptake of toxic 
amino acids using other 
amino acids*; block leptin 
entry into the brain to induce 
weight gain”? 


Serendipitous discovery 

of many transporters, 

including for antisense 
oligonucleotides with unknown 
transporter protein, gene and 
endogenous ligand’? 


Inhibition of PTS-6 with 
BBB-penetrating antisense 
oligonucleotides improves 
the therapeutic effects of 
PACAP27 (REF. 14); improved 
retention of anticonvulsants 
by competitively inhibiting 
their efflux” 


APC protects BECs from 
tPA-induced apoptosis’®; 
protection of BBB in diabetes!” 


Increased BBB penetration 

of anorectic leptin with 
a-adrenergic receptor agonist**; 
induction of transport of 
lysosomal enzymes across 

the BBB with an a-adrenergic 
receptor agonist” 
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Table 1 (cont.) | Strategies 
Strategy 


for improved delivery of therapeutics to the brain* 


Rationale 


BBB as a therapeutic target (cont.) 


Induction or inhibition of 
barrier cell secretions 


Block glycoprotein binding 
sites for viruses 


Target cells of the neurovas 


Target binding sites between 


the immune cell and BEC in 
multiple sclerosis 


Preserve pericyte function 


Use trafficking immune cells 
as drug delivery systems 


Luminal targets can result in abluminal 
secretions, so the therapeutic agent 
does not have to cross the BBB 


Possible use of small molecules (such 
as protamine sulfates) or known drugs 
(such as heparin); the blocker does not 
have to cross the BBB 


cular unit 


Blocks immune cell trafficking 


Challenges 


Most examples are from in vitro 
literature and may not translate to 
the in vivo setting 


The blocker will probably interact 
with numerous off-target 
binding sites 


Decreased availability of BECs 
compared with immune cells makes 


Examples 


Inhibition of LPS-induced fever 
by blocking prostaglandin 
secretion from BECs*? 


Blockade of HIV with 
mannose-6-phosphate”* 


Natalizumab in multiple 
sclerosis'”* 


the development of BBB targets 
more cumbersome than immune 


cell targets 


Pericyte loss is implicated in BBB 


disruption of several diseases the BBB 


Immune cells cross BBB via diapedesis 
to deliver payload of drugs to CNS; can 
reduce peripheral exposure to a drug 


Usually requires drugs that can cross 


Targeting, drug loading and 
drug discharge within the CNS 
are challenging 


Metabolic carbonic anhydrase 
inhibitors in diabetes’ 


Demonstrated to deliver 
neuroprotective nanozymes in 
a Parkinson disease model!® 


APC, activated protein C; BBB, blood-brain barrier; BEC, brain endothelial cell; CNS, central nervous system; G-CSF, granulocyte colony-stimulating factor; 
LPS, lipopolysaccharide; PACAP27, pituitary adenylate cyclase-activating polypeptide 27; PTS-6, peptide transport system 6; tPA, tissue-type plasminogen 
activator. *This table emphasizes biologics. 


Neurovascular hypothesis 
The hypothesis that the 
impaired ability of the 
blood-brain barrier (BBB) to 
remove amyloid-B peptide 
from the central nervous 
system (CNS) contributes 

to amyloid-B accumulation 
and the progression of 
Alzheimer disease. 


the BBB is poorly investigated, but the extracellular 
pathways are one route by which they enter the CNS*. 
Interestingly, IgG molecules are retained by the brain less 
effectively than albumin because of an efflux pump®. 
IgM molecules enter the CNS by the same mechanism 
as IgG and albumin, but do not seem to be effluxed so 
their accumulation by the brain is higher than that of the 
smaller IgG molecules”. 


AE/AT. AE/AT are vesicle-based processes induced by 
the binding of glycoproteins or highly charged molecules 
to the cell membrane of the BEC’. Vesicles are often 
routed to lysosomes and back to the cell surface of origin 
or to intracellular organelles”. However, in some cases, 
vesicles originating from the luminal cell membrane are 
routed to the abluminal membrane, thus producing a 
route for the passage of the vesicular contents across the 
BBB. Some viruses and other pathogens are able to use 
mechanisms related to AE/AT to gain entry into the BEC 
or to completely cross it, thus gaining entry into the CNS. 
An important feature of AE/AT that distinguishes it from 
classic saturable transporters is that, rather than increasing 
amounts of ligand leading to a decrease in the percentage 
of its uptake, an increasing amount of ligand can further 
enhance uptake’’. In extreme cases, AE/AT can result in 
disruption of the BBB, supposedly by the coalescing of 
vesicles to form channels or cannaliculi across the BEC™. 

It is likely that AE/AT-like mechanisms underlie 
many of the strategies used to enhance drug delivery to 
the brain®’. Many of the penetrating peptides, such as 
derivatives of Tat, are highly charged and are therefore 
likely to be acting through this mechanism. Antibodies 
that target receptor-mediated transporters, especially 
those antibodies targeting a region that is not the binding 
site of the endogenous ligand, probably induce AE/AT 


rather than receptor-mediated transcytosis. This would 
explain why routing to lysosomes often complicates this 
approach. Likewise, many of the vesicular nanoparticles, 
especially those studded with various ‘targeting’ moi- 
eties, are probably inducing AE/AT. Whereas antibodies 
cross the BBB through the extracellular pathways, vari- 
ous antibody fragments can cross the BBB at rates faster 
than albumin, apparently by using mechanisms akin to 
adsorptive transcytosis”**”. 


BBB disruption. Disruption of the BBB has been 
repeatedly attempted as a mechanism for drug delivery. 
Disruption with osmotic opening can produce effective 
results, as shown by its application to the treatment of 
CNS tumours”. However, such disruption requires care- 
ful management and its success might rely to some degree 
on the blood-tumour barrier being more sensitive to dis- 
ruption than the barrier of the surrounding normal brain 
tissue. Pharmacological agents and ultrasound are also 
being explored as ways to open the BBB”. Approaches 
that disrupt an intact BBB in an attempt to let in a candi- 
date drug also let in circulating substances that are nor- 
mally excluded by the BBB and can be quite toxic to the 
CNS. Interestingly, a study showed that BBB disruption 
in animal models of multiple sclerosis and Alzheimer 
disease resulted in little or no increase in the brain uptake 
of small, lipid-soluble molecules. This could be true of 
therapeutic disruption strategies as well because even a 
disrupted BBB is still relatively tight in comparison with 
non-barrier capillary beds. For substances that are efflux 
ligands, the magnitude of the additional entry resulting 
from BBB disruption as a rule cannot overcome the much 
more robust efflux effect'”’. As such, attempts to disrupt 
the BBB in the service of drug delivery have inevitably 
produced disappointing results. 
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BBB disruption is a serious consequence of many 
disease states, including stroke, diabetes, seizures, hyper- 
tensive encephalopathy, AIDS, and brain and spinal 
cord injuries, including traumatic brain injuries; BBB 
disruption is also observed in animal models of chronic 
pain and intense inflammation. Pericyte loss seems to 
be a prerequisite for BBB disruption in at least some 
of the chronic diseases!"!™. Conditions associated 
with increased immune cell trafficking into the CNS, 
such as AIDS and multiple sclerosis, have evidence of 
BBB disruption that seems to be caused by intense dia- 
pedesis'”"°*. Most studies have focused on tight junction 
dysfunction as the cause of BBB disruption, but re- 
induction of macropinocytotic and cannalicular path- 
ways occurs as well!” and may even be the main cause 
of disruption. Most therapeutic development is focused 
on repairing the consequences of BBB disruption, such 
as the reduction of oxidative stress in the CNS. However, 
some work suggests that BBB disruption itself may be 
reversible or preventable. For example, decreasing nitric 
oxide in thiamine deficiency’, protecting pericytes with 
MMP inhibitors in Alzheimer disease*!® or with mito- 
chondrial carbonic anhydrase inhibitors in diabetes", 
and inhibiting cyclooxygenase in neuroinflammation'” 
can prevent or reverse BBB disruption. 


Molecular modifications to enhance BBB penetration. 
Numerous modifications have been applied principally 
to biologics in the hope of enhancing their penetration 
across the BBB. These include pegylation, esterification, 
addition of fatty acids, insertion of D-amino acids, rever- 
sal of their primary amino acid sequence, production of 
nanoparticles, and glycosylation with glucose or other 
sugars. The rationale for these approaches is varied and 
includes increasing transmembrane diffusion, increas- 
ing enzymatic resistance, producing more favourable 
pharmacokinetics, or taking advantage of a transport 
system. This is a promising but difficult area of drug 
development, as modifications often have effects on 
BBB permeability by mechanisms that are different from 
those intended. For example, pegylation — the attach- 
ment of polyethylene glycol polymers — is often used 
to enhance the penetration of a biologic across the BBB, 
but it can also retard penetration”. Furthermore, 
the mechanism by which an effect on BBB penetration 
is produced is not always the most obvious one. For 
example, addition of a glucose moiety to a peptide can 
greatly enhance the penetration of the peptide across 
the BBB, but this is not because the peptide is now able 
to use the BBB glucose transporter GLUT] (REF. 114). 
Increasing lipid solubility of a substance can actually 
decrease its ability to reach its CNS target because 
of increased uptake by peripheral tissues, because it 
becomes a P-gp substrate, or because it becomes trapped 
in the lipid membranes of the cells that constitute the 
BBB. Thus, it can be difficult to explain in retrospect, 
much less predict, what effect a modification will have 
on brain uptake. These examples emphasize that the 
development of BBB-permeating drugs is currently an 
experimental science, rather than one fully based on 
theoretical principles. 


As discussed above, AE/AT is a mechanism that 
probably underlies the effect of many of the various 
drug modifications (particularly those involving glyco- 
sylation or highly charged molecules). Diapedesis, the 
process by which immune cells cross the BBB, has many 
similarities to AE/AT; for instance, diapedesis involves 
interactions between glycoproteins on the surface of the 
immune cell and glycoproteins on the luminal surface 
of the BEC. These similarities may be exploited in the 
development of nanoparticles that can be delivered to 
the CNS as well as in the development of immune cells 
as drug delivery vehicles''*. Similarly, a better under- 
standing of how pathogens use AE/AT to enter the brain 
could provide new strategies for drug delivery”’. Highly 
charged molecules and some other types of molecules 
(for example, pluronics) are able to induce an AT-like 
penetration of the BBB and have been used to deliver 
lysosomal enzymes'’’ and other biologics to the brain’. 


The diseased BBB: a therapeutic target 

The BBB is increasingly viewed as a central player in 
several disease states. BBB disruption in conditions such 
as stroke and enhanced permeability to immune cell traf- 
ficking in multiple sclerosis are classic examples. More 
recently, transporter dysfunction such as impaired glucose 
transport in De Vivo disease''’, impaired thyroid hor- 
mone transport in Allan-Herndon-Dudley syndrome, 
and enhanced P-gp function in epilepsy resistant to anti- 
seizure medications” have been recognized. The discus- 
sion above has reviewed several other ways in which the 
BBB can be involved in diseases, thus illustrating that 
the BBB can itself be a therapeutic target. Targeting the 
BBB offers many opportunities (TABLE 2). One advantage is 
that the BBB does not have to be crossed if the therapeutic 
can act on its luminal surface. Strategies for targeting the 
BBB include using the regulators of transporters to modify 
their activity, inhibiting efflux systems, direct treatment of 
underlying BBB dysfunction when the BBB is a source 
of disease, and modulating BBB secretions. Here, I expand 
on the role of the BBB in disease and as a therapeutic 
target by considering four conditions: Alzheimer disease, 
multiple sclerosis, diabetes and obesity (FIG. 3). 


Alzheimer disease. Several mechanisms have been pro- 
posed that relate BBB or cerebrovascular dysfunctions 
to Alzheimer disease, including decreased cerebral 
blood flow, impaired glucose transport, BBB disruption, 
increased capillary tortuosity with altered rheology, and 
neurotoxic secretions from BECs'"’. These mechanisms 
are not mutually exclusive and many of them would 
reinforce the pathological effects of the others. Whereas 
some mechanisms could sustain pathological processes 
once set in place, others could initiate events that may 
lead to Alzheimer disease. As such, the BBB may have 
a fundamental, even causal, role in Alzheimer disease. 
Here, I consider three mechanisms in some detail: 
decreased bulk flow, the neurovascular hypothesis and 
decreased insulin transport (FIG. 3a). 

Decreased bulk flow ultimately occurs because of 
reduced production of CSE CSF is primarily produced 
at the choroid plexus and reabsorbed through drainage 
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Table 2 | BBB-based strategies for specific disease targets 


Strategy 
Diabetes (CNS manifestations) 


Target CNS control of blood glucose 
and/or lipolysis (for example, increase 
transport of insulin across the BBB) 


Reduce oxidative stress in pericytes 
(for example, via mitochondrial 
carbonic anhydrase inhibition) 


Alzheimer disease and vascular dementias 


Stimulate CSF bulk flow and 
glymphatic circulation 


Enhance LRP1 and P-gp activities 
at the BBB 


Decrease oxidation of LRP1 and 
other CNS proteins 


Prevent pericyte loss 


Increase transport of insulin or other 
gastrointestinal hormones via the BBB 
into the brain 


Obesity 


Develop leptin agonists that cross 
the BBB independently of the leptin 
transporter 


Develop enzymatically resistant leptin 
(or other anorectics) 


Lower blood triglycerides 


Enhance adrenergic tone 


Anorexia 


Block leptin BBB transporter or 
receptor (for example, with leptin 
analogue) 


Lysosomal storage diseases 


Re-induce mannose-6-phosphate 
transporter 


Enhance circulating half-life in blood 


Drug-resistant seizures 


Decrease P-gp activity with inhibitors 
(for example, verapamil) or regulators 
(for example, vitamin D) 


Multiple sclerosis 


Target ICAM, VCAM and selectins on 
the BBB 


Rationale Refs 
Improve blood glucose and 148,149 
lipid homeostasis 

Reduce BBB disruption 103 
Clear AB and other toxins from 22 
the CNS 

Clear Af from the brain 12,126 
LRP1 oxidation is increased in 13,130 
Alzheimer disease; antioxidants 

improve cognition 

Pericyte loss results in BBB 102,135 
disruption 

Gastrointestinal hormones in 138,140 
the CNS improve cognition 

Bypasses leptin peripheral 117 
resistance secondary to the BBB 

Improved pharmacokinetics 81 
increases presentation to the BBB 

Enhances transport of anorectic 49 
leptin and inhibits transport of 

orexigenic ghrelin across the BBB 

Enhances transport of anorectic 58 
leptin across the BBB 

Increases appetite by blocking the 20 
ability of leptin to enter or act on 

the brain 

Transports enzyme across the BBB 60 
Enzyme can enter the brain by 82 
extracellular pathways 

Decreases brain-to-blood efflux 33,61,73 
of anticonvulsant medications 

Inhibits immune cell diapedesis 174 


AB, amyloid-B; BBB, blood-brain barrier; CNS, central nervous system; CSF, cerebrospinal fluid; 
ICAM, intercellular adhesion molecule; LRP1, low-density lipoprotein receptor-related protein 1; 
P-gp, P-glycoprotein; VCAM, vascular adhesion molecule. 


by the primitive lymphatics at the olfactory bulb and by 
the subarachnoid villi”. With ageing and even more 
so in Alzheimer disease, the reabsorption of CSF back 
into the circulation is reduced’”'. With this slowing of 
reabsorption, CSF levels of albumin increase as do levels 
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of neurotoxic substances, including Af peptide. These 
processes can be further aggravated by a slowing of the 
glymphatic circulation’”, a process that is regulated by 
astrocytic aquaporin, and by the BBB disruption that is 
characteristic of vascular dementia’. The trigger for 
decreased bulk flow in ageing and Alzheimer disease is 
not known, but inflammation can both decrease bulk 
flow and disrupt the BBB'”’. Hence, therapeutic strat- 
egies suggested by this mechanism include blocking 
the neuroinflammation associated with Alzheimer dis- 
ease™, targeting astrocytic aquaporin production, and 
treating BBB disruption. 

The neurovascular hypothesis states that decreased 
BBB clearance of Af leads to an increased amyloid burden 
in the brain and the progression of Alzheimer disease’. 
The brain-to-blood efflux transporters P-gp and LRP1 are 
major regulators of CNS levels of AB’**'”” — a substance 
that, according to the amyloid hypothesis, has a direct, 
causal role in the onset and progression of Alzheimer 
disease. Patients with Alzheimer disease show decreased 
protein levels of LRP1 (REF. 128) and of P-gp’ in their 
barrier cells, increased oxidation of LRP1 (REF. 130), and 
a decreased level of P-gp activity’. Knockdown of LRP1 
in mice recapitulates the key features of Alzheimer disease 
predicted by the neurovascular hypothesis: decreased AB 
clearance from the brain, increased brain levels of AB, and 
impaired cognition’*. Once initiated, decreased clear- 
ance of AB can become a self-perpetuating process as AB 
can further impair LRP1 function through oxidation”. 
Decreasing Af levels with the peripheral administration 
of a phosphorothioate antisense oligonucleotide directed 
at amyloid precursor protein and capable of crossing 
the BBB restores AB clearance and cognition in animal 
models of Alzheimer disease'*'™. 

Inflammation also impairs Af clearance from the 
brain and increases pericyte uptake of AB'”. This 
inflammation-induced increase in uptake could be a 
mechanism accounting for the loss of pericytes seen in 
Alzheimer disease, given that Af is toxic to pericytes'™. 
In animal models, the double hit of BBB dysfunction and 
pericyte loss results in a cycle of increasing pericyte loss, 
BBB damage and Af accumulation, leading to tau-related 
pathology, neuronal loss and cognitive impairments’. 
This scenario shows how an impairment starting at the 
level of the BBB can promote the progression of or even 
initiate disease, as well as how the disease can lead to 
BBB impairment. It also provides several BBB-related 
therapeutic strategies, including enhancement of LRP1 
and P-gp function and protection of pericytes from 
inflammation, oxidative stress and Af toxicity. 

Insulin within the brain has very different roles com- 
pared with insulin in the periphery. In the brain, insulin 
has neurotrophic and neuroprotective functions. As the 
pancreas is considered essentially the sole source of insu- 
lin, the brain is dependent on BBB transport for its insulin. 
A decreased CSF/serum ratio suggests that the transport 
of insulin across the BBB is deficient in Alzheimer dis- 
ease'*®. Such a defect in transport would reinforce the 
insulin resistance recently shown to occur in the brains 
of patients with Alzheimer disease’*’. Consistent with 
this CNS deficiency of insulin action, delivery of insulin 
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< Figure 3 | The diseased blood-brain barrier. a| Alzheimer disease. The blood-brain 
barrier (BBB) influences brain levels of amyloid-f (AB) peptide both by allowing its entry 
into the brain through receptor for advanced glycation end products (RAGE)-dependent 
transport and possibly BBB disruption, and by clearing it from the brain. The processes 
that are enhanced (+) or inhibited (-) in Alzheimer disease all tend towards an increased 
AB burden in the brain, which can induce pericyte death, leading to BBB disruption and 
possibly contributing to perivascular deposition of AB. b| Immune cell trafficking and 
multiple sclerosis. Diapedesis of immune cells across the vascular BBB is a multi-stage 
process that involves intercellular communication, resulting in upregulation and binding 
of immune and endothelial cell glycoprotein receptors. An invagination of the 
endothelial cell pairs with protrusions of the immune cell that eventually leads to the 
immune cell tunnelling through the endothelial cell. Immune cells can also cross the BBB 
through the paracellular route, which involves dissolution of brain endothelial cell tight 
junctions (as shown on the right). These processes are enhanced in multiple sclerosis, 
contributing to neuroinflammation. c| Diabetes. The pathway on the left shows that a 
negative feedback loop between insulin and glucose maintains euglycaemia. Insulin 
transported across the BBB influences sympathetic nervous system outflow, which 
controls liver glucose output. In diabetes, the negative feedback loop fails because of 
the loss of insulin (type 1 diabetes) and/or resistance to the actions of insulin (type 2 
diabetes). Higher levels of glucose in the central nervous system (CNS) result in more 
ATP and reactive oxygen species (ROS). Pericytes are very sensitive to excess oxidative 
stress and their loss results in BBB disruption. d | Starvation, anorexia and obesity. 

The ideal body weight (left pathway) is maintained by a negative feedback loop in 
which leptin, secreted from adipose tissue, crosses the BBB via the leptin transporter (LT) 
and binds its receptor in the arcuate nucleus of the hypothalamus. CNS mechanisms 
shift behaviours away from feeding and towards calorically intense activities, reducing 
fat mass and leptin production. During starvation (middle pathway), leptin levels are 
reduced absolutely and per unit of fat. Triglycerides, which are elevated in the blood 
during starvation, interfere with leptin transport across the BBB. Feeding is increased 
and calorically expensive activities are suppressed (dashed arrows). Obesity (right 
pathway) is associated with elevations in blood leptin levels that are proportional to the 
increase in fat mass (double arrows), but the increase in cerebrospinal fluid (CSF) levels 

is proportionately lower because of both the saturable nature of the LT and transport 
inhibition by triglycerides. Resistance also develops at the leptin receptor at the 
arcuate nucleus. The brain stimulates feeding, resulting in an even greater fat mass. 
ICAM, intercellular adhesion molecule; LFA1, lymphocyte function-associated antigen 1; 
P-gp, P-glycoprotein; VCAM, vascular cell adhesion molecule. 


to the CNS can improve some aspects of cognition in 
patients with Alzheimer disease within 15 minutes’. 
The insulin transporter is a regulated system, with its rate 
being modulated by the NVU and circulating factors’. 
Thus, insulin transport across the BBB could be increased 
by treatment with these modulators. Interestingly, almost 
every gastrointestinal peptide hormone has significant 
effects on cognition’? and many of these hormones 
can cross the BBB. Analogues of these hormones that can 
cross the BBB may be useful not only in treating obesity 
and anorexia but also for treating dementias. 


Multiple sclerosis. Multiple sclerosis is a neuroinflam- 
matory disease characterized by demyelination and an 
intense CNS invasion of immune cells, especially lym- 
phocytes and macrophages. The precipitating event or 
predisposing condition of multiple sclerosis is unknown, 
but penetration of the BBB by immune cells is both 
enhanced by and a cause of neuroinflammation, thus 
suggesting a mechanism by which multiple sclerosis 
can become self-perpetuating once the disease is estab- 
lished (FIG. 3b). BBB dysfunctions in experimental allergic 
encephalopathy, an animal model of multiple sclerosis, 
are characterized by increased diapedesis of immune 
cells, BBB disruption and altered cytokine transport'"'¥. 


REVIEWS 


Peripheral signals crossing the BBB may act on astrocytes 
and microglia, inducing them to secrete substances that 
then act on BECs to induce increased immune cell traf- 
ficking'*’*. Immune cell entry into the brain is key to 
sustaining the clinical symptoms of multiple sclerosis, as 
inhibition of such entry by blocking a4 integrin — the 
surface protein by which immune cells bind to vascular 
cell adhesion molecule 1 (VCAM1) on BECs — induces 
remission!“*, However, immune cell invasion of the CNS 
involves a number of steps, each involving a variety of BBB 
receptors and transport mechanisms'”, and so provides 
multiple targets that could be used to modify immune cell 
trafficking into the CNS. 


Diabetes. Two major types of BBB dysfunction have thus 
far been identified in diabetes. First, the CNS is increas- 
ingly recognized as a root cause of diabetes, especially 
type 2 diabetes, because of its involvement in controlling 
serum glucose levels and in its control of feeding behaviour 
and body weight (FIG. 3c). Altered transport of hormones 
can misinform the brain about nutrient status, thus fos- 
tering the development of hyperglycaemia and obesity. 
Second, diabetes results in BBB disruption. 

The CNS is intimately involved in determining the 
serum level of glucose in many ways, including by con- 
trolling feeding behaviour, influencing glucose uptake by 
peripheral tissues, and regulating hepatic glucose produc- 
tion'*. The CNS monitors and integrates key peripheral 
signals, many of which must cross the BBB to convey their 
information to the CNS. As reviewed recently, many of 
these peripheral signals are gastrointestinal hormones™. 
Notably, various brain nuclei in the hypothalamus regulate 
peripheral glucose production in response to insulin™, 
which is derived from circulating insulin and requires 
transport by a saturable transporter at the BBB. Insulin 
transport, in turn, is influenced by metabolic conditions 
and substances, including starvation, obesity, inflamma- 
tory status, and triglycerides. As many of these con- 
ditions and substances also influence insulin sensitivity, 
they may be acting in part by affecting the access of insulin 
to the CNS. Thus, an approach for the treatment of dia- 
betes is to increase the BBB transport of insulin and other 
hormones that regulate, through the CNS, the serum levels 
of glucose. This could be done by developing analogues of 
the hormones that can more readily cross the BBB or, 
as discussed elsewhere, by manipulating the metabolic 
conditions or substances that regulate the transporters. 

Like the blood-retinal barrier', the diabetic BBB 
becomes disrupted in humans and animal models!**'*. 
In both cases, glucotoxicity primarily at the level of the 
pericyte underlies the disruption'**!“. BBB pericytes 
can be protected by blocking glycolysis with mitochon- 
drial carbonic anhydrase inhibitors’. Such inhibition 
prevents the mitochondria from producing bicarbonate, 
which is a necessary ingredient for the metabolism of glu- 
cose through the Krebs cycle, ultimately reducing oxidative 
stress’. Carbonic anhydrases, as exemplified by acetazola- 
mide, have been used for decades for a number of con- 
ditions and are currently being tested for the treatment of 
diabetic retinopathy’**. Unfortunately, carbonic anhydrase 
inhibitors have off-target effects and those that are specific 
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for mitochondria do not exist. The development of drugs 
that can cross the BBB and target BBB mitochondrial 
carbonic anhydrases could be useful for the treatment of 
diabetic retinopathy and BBB disruption. 


Obesity. Obesity is currently thought to occur when the 
brain underestimates the energy reserves of the body 
(FIG. 3d). Leptin, a hormone that is secreted from fat 
and crosses the BBB, is one of the chief hormones that 
informs the brain about those reserves. Obesity occurs 
when leptin is not secreted, when leptin resistance 
develops, or when there is a signalling defect down- 
stream of the leptin receptor. Leptin resistance, which 
seems to be a near-universal feature in human obesity, 
occurs at the level of the CNS receptor (that is, central 


resistance) and at the level of the BBB transporter (that 
is, peripheral resistance). The causes of peripheral 
resistance are at least twofold. First, saturation of the 
transporter begins at leptin levels that occur at a body 
weight considered by the Western world to be in the 
normal range; hence, as obesity progresses and serum 
leptin levels increase, less and less additional leptin is 
able to enter the brain to overcome the ever-increasing 
central resistance. Second, the leptin transporter is influ- 
enced by many substances, including triglycerides”, 
which are elevated in obesity (as well as in starvation), 
as well as glucose and insulin’, which are also usually 
elevated in obesity. As discussed above, the phenomenon 
of peripheral leptin resistance offers several approaches 
to the treatment of obesity and anorexia. 
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Figure 4 | Novel approaches to therapeutic targeting of the blood- 
brain barrier. a| Brain region targeting. Heterogeneous distributions of 
biologics transporters in the brain can be used to achieve targeted drug 
delivery. For example, the transport rate for tumour necrosis factor (TNF) 

is nine times greater into the hypothalamus than into the frontal cortex. 
b| Transporter modulation. Rates of transport can be enhanced or 
inhibited by modulators. For example, triglycerides inhibit and adrenaline 
stimulates leptin transporter (LT) activity, and adrenaline enhances the 
transport of lysosomal enzymes by the mannose-6-phosphate receptor 
(M6PR). c| Endothelial and neural protection. Many biologics have multiple 
actions. Activated protein C (APC) blocks tissue-type plasminogen 
activator (tPA) and crosses the blood-brain barrier (BBB) through 

the protein C receptor (PCR), thereby affording neuroprotection. 

d| Endothelial secretions. Stimulating or inhibiting abluminal secretions 
of blood endothelial cells (BECs) enables drugs to affect the central 
nervous system (CNS) environment without crossing the BBB. For example, 
inhibition of the binding of lipopolysaccharide (LPS) to Toll-like 
receptors (TLRs) or inhibition of prostaglandin (PG) synthesis can block 
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fever. P-glycoprotein (P-gp) activity is affected through several agents that 
converge on the production of endothelin-1 (ET-1) by BECs. Blockade of 
HIV-1 binding to the luminal surface of BECs or the inhibition of ET-1 
release from the abluminal surface of BECs could reduce CNS levels of 
ET-1; ET-1 levels correlate with the severity of the cognitive impairment in 
AIDS. e | Immune cell trafficking. The multiple sclerosis drug natalizumab 
blocks immune cell trafficking into the CNS by binding to very late 
antigen 4 (VLA4), an a4 integrin, on immune cells. Intercellular adhesion 
molecule (ICAM) and vascular adhesion molecule (VCAM) receptors on the 
BBB offer additional therapeutic targets. f | Reduction of oxidative stress. 
High glucose levels in the brain result in increased electron transport chain 
(ETC) activity and production of reactive oxygen species (ROS), inducing 
pericyte apoptosis followed by BBB disruption. Mitochondrial carbonic 
anhydrase inhibitors (mCAi), by preventing bicarbonate production and 
thus the entry of pyruvate into the ETC, greatly decrease ROS. g | Blockade 
of influx removes agonist entry (producing a similar effect to delivering an 
antagonist into the brain) and inhibition of efflux results in an agonist effect 
by causing ligand retention in the brain. 
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Future directions: a combination of approaches 

The areas of BBB research reviewed here show that the 
BBB is not simply a barrier that blocks drugs, but a com- 
plex, interactive, ever-adapting interface that serves the 
needs of the CNS and facilitates communication between 
the brain and peripheral tissues. This complexity 
offers an array of opportunities for drug development 
(FIG. 4). Below are other examples of unique approaches 
not considered above, including some that involve com- 
plex interactions between various functions of the BBB. 

The direct involvement of the BBB in disease pro- 
cesses supports viewing the BBB as a therapeutic target. 
For example, downregulating the p75 neurotrophin 
receptor at the BBB improves outcomes in an animal 
model of multiple sclerosis'’. Vitamin D'® and rosigli- 
tazone’® can increase LRP1 expression and efflux of AB, 
suggesting that these drugs may be able to reverse the 
neurovascular defects in Alzheimer disease'”*. Estradiol 
reduces post-stroke oedema by downregulating the 
activity of a Na~K-Cl exchange channel at the BBB’. 

Activated protein C (APC) illustrates how the BBB 
can have multiple therapeutic roles. tPA is used to dis- 
solve the clots responsible for ischaemic stroke, but the 
drug can promote BEC apoptosis, increase the risk of 
brain haemorrhage, and is neurotoxic. APC protects 
BECs from post-ischaemic and tPA-induced apoptosis. 
Moreover, APC is transported across the BBB by the 
protein C receptor, where it protects neurons against 
tPA-induced and ischaemia-induced neurotoxicity. 
An APC analogue that retains the desired character- 
istics of BBB permeability, anti-apoptotic properties 
and neuroprotection has recently completed a Phase I 
safety trial'®. 

Control of BBB secretions, as discussed above, offers 
therapeutic opportunities, especially when combined 
with the concept of polarization. In one scenario, a drug 
acts at the luminal surface of the BBB to influence secre- 
tion from the abluminal surface directly into the brain. 
Thus, the drug is not required to cross the BBB and the 
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brain is, in effect, being treated by endogenous secre- 
tions. For example, amphotericin affects the release of 
prostaglandin from BECs'® and N-acetylcysteine alters 
release of endothelin-1 from BECs’™, thus regulating 
P-gp activity. Many substances that affect P-gp func- 
tion, including TNF and HIV-1, are known to release 
or even to act through endothelin-1 released from 
BECs**!®°, CSF endothelin-1 levels are elevated in HIV-1, 
ischaemic stroke and subarachnoid haemorrhage, and 
correlate with the severity of HIV encephalopathy’®. 
Thus N-acetylcysteine or other regulators of endo- 
thelin-1 release have the potential to affect a range of 
disease conditions while acting on the luminal surface 
of the BBB. 

The NVU can also be involved in mediating the 
therapeutic effects of the BBB'”, as illustrated by the sup- 
pression of HIV replication in macrophages by BEC 
secretions. Activation of TLR3 on BECs induces the 
release of interferons, which, in turn, act on macrophages 
to suppress HIV-1 replication'®. Thus, HIV-1 replication 
in CNS macrophages could be attenuated by blocking 
TLR3 on the luminal surface of the BBB. 


Conclusion 

This Review has examined the main trends in research 
that have occurred over the past three decades involving 
the BBB as a regulatory interface and affecting drug 
delivery to the CNS. The BBB is intimately involved in 
crosstalk with the rest of the CNS and peripheral tissues 
and is crucial for normal brain functioning. Treating CNS 
diseases requires therapeutics that can cross or otherwise 
interact with the BBB. The complexity of the BBB, its reg- 
ulatory mechanisms and its interactions with the other 
components of the NVU offer many new, unique oppor- 
tunities for drug development. Additionally, the BBB can 
be a target of disease, and BBB dysfunctions can result 
in CNS diseases. As such, the BBB itself is a therapeutic 
target and is often more accessible to manipulation than 
the cells that it protects. 
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